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EXECUTIVE SUMMARY

This report summarizes the results of field studies of the dispersion of military smoke conducted at
Dugway Proving Ground in March and April, 1985. Fog oil smoke was produced by an M3A3E3 smoke
generator over flat terrain and the resulting plume sampled at distances of 25 - 800 m. Measurements made
include mean concentration, particle size distribution, deposition on horizontal and vertical surfaces and the
chemical composition of the smoke. Mean concentration was determined using aspirated, adsorbent-filled
tubes subsequently analyzed by thermal desorption and low resolution gas chromatography. Particle size
distribution was measured using cascade impactors of the Mercer design. Deposition was studied using dry,
chemically-inert, glass-fiber filter papers serving as surrogate surface collectors. In addition to the plume
maps, the source was characterized in terms of mass rate of release, exit temperature and velocity of the
smoke, and chemical composition of the raw oil and of the initial smoke. Meteorological data required for
model testing and improvement were obtained using two 32-m instrument towers having wind speed, wind
direction and temperature sensors at the 2, 4, 8, 16 and 32-m levels and vertical wind angle sensors at the
four highest levels. The meteorological data were analyzed in terms of time-averaged vertical profiles from
which Monin-Obukhov length and friction velocity were found and in terms of the spectral characteristics of
the time-dependent data.

The measurements of mean concentration provide an internally consistent picture of plume behavior,
although certain operational difficulties led to suboptimal performance of the concentration sampler. As a
result of these difficulties, only three tests yielded useful data, and then only to a distance of 200 m from the
smoke generator. Significant improvements in the design of the collector were identified based on the
results of these field tests. These improvements can be readily implemented in future field studies io both
increase the quantity and improve the detail and reliability of the in-plume data. Only minor difficulties were
experienced with the source and meteorological measurements; these systems operated nearly flawlessly.

The major findings of the study are:

1. Concentration levels fall off rapidly with distance and exhibit considerable spatial inhomogeneity at
distances beyond a few hundred meters from the source even when hour release times are used.
Concentration patterns reflect the combined effects of large-scale variations in wind direction and
general plume spreading due to the action of turbulence.

2. The release rate of the generator varies considerably even for ostensibly similar operating conditions
and in all cases fell below the nominal level stated for the generator. Exit temperature was found to
increase sharply with decreasing release rate. The exit velocity, primarily dependent on the rate of air
flow through the generator, was found to be independent of operating conditions for the cases studied.

3. The fog oil smoke was found to exhibit a log-normal distribution of droplet sizes with a mass median
diameter of roughly 0.7 microns.

4. For the limited conditions studied, no change in chemical composition was detectable, using low
resolution gas chromatography, between the raw oil, the initial smoke and the smoke at the furthest
downwind point of sampling.

5. Again, for the conditions studied, no statistically significant levels of deposition were measured on
either horizontal or vertical surfaces.
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1.0 INTRODUCTION
1.1 Objectives

This report describes the procedures and results of a field study of the dispersion of military fog-oil
smoke carded out at Dugway Proving Ground between March 15 and April 15, 198S. This study was the first
in a series of field programs designed to gather data needed to test predictive models currently being used
to assess the environmental and civilian health effects of military obscurant smokes such as fog oil andhexachloroethane (HC).

Measurements of mean concentration, deposition, particle size distribution and chemical composition of
the smoke produced by an experimental prototype military fog-oil smoke generator were carried out over
downwind distances of 25 to 800 m. The use of perfluorocarbon tracers mixed with the fog-oil smoke was
also attempted in order to provide a check on the fog oil measurements. Supporting data include
comprehensive documentation of source characteristics and prevailing meteorological conditions during the
period of release.

An equally Important objective of this work was to test the methods and equipment under actual field
conditions. Despite extensive laboratory testing and an earlier small-scale field test of the collection
procedures, this study represents the first attempt at operating all the equipment simultaneously under
actual field test conditions. It was expected that the results of tLis study would be used to evaluate and refine
the experimental methods and equipment as well as the logistical procedures.

I 1.2 Test Site

This study is restricted to perhaps the simplest possible release scenario: a single fog oil generator on
flat terrain with a uniform atmospheric boundary layer, low relative humidity and sparse vegetation. TheseIconditions were chosen In effort to provide an ideal* set of data for baseline model evaluation. Dugway
Proving Ground (DPG) was selected as the site for this pilot study because of (1) a large area of open, flat
terrain which provides the desired "ideal" conditions for model testing and (2) a long history of operating and
testing smoke generating devices.

The test site was located within the West Vertical Grid test area. A detailed description of the site and
surrounding area Is included in a meteorological report by Waldron (1977). Figure 1.1, taken from Waldron's
report, shows the topology of Dugway and gives the location of West Vertical Grid within the Dugway
boundaries. According to Waldron, the variation in the elevation of the desert terrain surrounding West
Vertical Grid is less than 40 m. There is a uniform fetch of 5 km in the northwest quadrant and a minimum 9 km
fetch in the other quadrants. The primary vegetation on the site is a desert shrub known as Grey Molly havinga height of 7 to 30 cm and spaced at one-half to one meter intervals. Waldron also states that the site passesthe micrometeorological test of uniform terrain in all directions to a distance of 3 km or greater.

1.3 Overview

In all, eleven releases of fog-oil smoke were carried out under meteorological conditions ranging from
near-neutral to very unstable. No tests were conducted under stable atmospheric conditions. Only the last
three tests were sufficiently successful to be useful for modeling due to contamination of the concentration
sampling tubes, which raised the detection threshold, and the Inadequacy of the B/C aspiration units, which
resulted In a reduced amount of smoke collected by the tubes. The transitional and unfavorably convective
meteorological conditions associated with the late-morning and early-afternoon test periods also proved to
be a major problem. Testing was restricted to these periods due to logistical and procedural constraints
which prevented the use of the more favorable "dawn" conditions. Additional difficulties with the smoke
generators caused the release rates to be much lower than anticipated. These difficulties were attributed, at
least In part, to the higher altitude of DPG and added to the complexity of carrying out the field tests.U
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Despite these problems, however, much information on the field characteristics of fog-oil smoke was
produced. The concentration data are in agreement with model predictions as well as with the results of
other field studies of atmospheric dispersion. Particle size data very nearly replicate !he results of a previous
laboratory analysis of fog-oil smoke. Time dependent data describing the smoke generator provide a
consistent picture of its operation. Meteorological data gathered during this study are in agreement with
models derived from extensive investigations of the planetary boundary layer. This information provides
baseline data for health effects studies and a platform from which improved field studies of smoke dispersion
can be launched.

This report is organized into three sections covering (a) smoke data, (b) source data and (c)
meteorological data, respectively. Each of these sections describes in detail the equipment and procedures
employed to gather the data and also provides a discussion of the results obtained. Following these
components, our overall conclusions and recommendations are presented.
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2.0 SMOKE DATA
This section describes the instruments and procedures employed during these dispersion tests in

order to acquire the concentration, deposition, particle size and chemical composition data necessary for
model evaluation. The measurements are organized into two groups: those which describe the continuum
behavior of the smoke plume as a whole (e.g., concentration) and those which describe the features of the
fog-oil smoke (e.g., size distribution). This organization parallels the treatment given the dispersion problem
by most of the models under study.

Most models of atmospheric dispersion treat the smoke plume or cloud primarily as a continuum and
predict its extent or concentration at locations of interest. To evaluate these models, measurements of
concentration at a large number of positions are necessary. In the present study, the concentration of fng oil
at each location on a network was determined from measurements of concentration carried out at each
sampling location. In addition to measuring the concentration of fog oil, we also attempted to measure the
concentration of a perfluorocarbon tracer introduced into the fog-oil smoke plume at the generator exit as a
check on the fog oil concentrations.

Owing to their potential importance to environmental and civilian health issues and to provide as
complete a data set as possible, measurements of the deposition, size distribution, vapor partitioning and
chemical aging of the fog-oil smoke were performed during each test.

2.1 Sampling Network

The location of our sampling network within the West Vertical Grid is illustrated by the shaded region in

Figure 2.1. Here the circles represent the sampling arcs of the West Vertical Grid, the farthest arc shown (Arc
I) having a radius of 2414 m (1.5 miles). As illustrated, the sampling grid consists of a rectanguiar region 1600
m by 800 m, the long axis of which passes through the centers of two existing meteorological instrument
towers. These two towers, separated by a distance of 990 m, lie along the approximate direction of the
prevailing winds. The towers are logically designated "West Vertical Tower" and "Horizontal Grid Tower",
since the former lies near the center of the West Vertical Grid and the latter lies near Horizontal Grid, a
somewhat smaller grid within the full extent of West Vertical Grid.

Previous large scale field studies of atmospheric dispersion such as Project Prairie Grass (Barad, 1958)
and the Hanford Series (Nickola, 1977: Nickola, et a., 1983) arranged their sampling networks in a series of
wide arcs increasing in distance from a fixed source location. With such an arrangement, a large number of
samplers had to be deployed in order to cover a sufficiently large angle to accommodate changes in wind
direction prior to the test; however, only a small fraction of the samplers were actually exposed. Addilionally,
the fixed source location restricted testing to those occasions when the wind was in the direction of the
sampling arcs.

3 Owing to a tight field testing schedule which dictated a broad range of acceptable test conditions, we
designed a sampling network with a relocatable source; one which would be serviceable for virtually any wind
direction. Sampling locations were arranged in a rectangular array with a uniform pitch of 100 m, thus
covering the entire 1600 m by 800 m region as illustrated in Figure 2.2. All locations are given in grid
coordinates with (0,0) referenced to sampling location J4, as indicated.

During the course of the testing it was observed that under near-neutral atmospheric conditions the
smoke plume was confined to a narrow corridor. Because the samplers were spaced 100 m apart, thisfrequently resulted in very few samplers being exposed to the plume at short range. Conversely, under

convective conditions the plume lifted off the ground prior to reaching the first row of samplers (100 m
distant), also resulting in very few exposed samplers. Consequently, a more densely spaced network was
configured in order to better resolve the smoke plume at short range (25 - 400 m). This high resolution
network was laid out in the shaded area in Figure 2.2 between rows 2 and 6 and between columns J and N.3 As Figure 2.3 illustrates, this network is essentially diamond-shaped. It is comprised of transects at 25 m, 50
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i! m. 100 m, 200 m and 400 m and is symmetric about the 200 m transect. Eleven samplers were located on
both the 25 m and 50 m transects at spacings of 5 m and 10 m respectively. Nine samplers were located on
the 100 m, 200 m and 400 m transects spaced at 25 m, 50 m and 50 m respectively. The network was
designed to minimize the time required to fit the samplers with concentration-measuring tubes and to provide
maximum flexibility in coping with shifts in the prevailing wind direction. Thus the smoke source could be
located near J4 (0,0) or N4 (400,0) depending on the wind direction.

In order to improve the capability to measure concentrations at large distances (400 - 2000 m), ten B/C
samplers with sample tubes or cascade Impactors were mounted in the bed of a pickup truck. In this manner3they could be quickly relocated to remain in the plume as the wind shifted.

2.2 Sampling Devices and Methods
The sampling equipment located at each position on the network included the following items: (a) a B/C

sampler -- a radio-controlled aspiration unit initially fitted with a flow restrictor rated at 1 liter per minute (Lpm);
(b) a sample tube connected to the B/C sampler by means of a vinyl hose and positioned at the 1.5 m level
atop the antenna of the B/C sampler; and (c) a deposition tray mounted on a 7/16" steel post at a height of0.5 m. The 1.5 m sampling height was chosen because it approximates the breathing height of a man. This
height was also used for "ground-level" samplers in both the Prairie Grass and Hanford studies.

3 We had initially planned to aspirate the sample tubes at a rate of 6 Lpm based on specifications provided
to us by DPG personnel. However, during the setup phase of the field testing period, we realized that the
BIC sampler could not aspirate our sample tubes at the planned flow rate. To maximize the aspiration rate of
the sampler, we ultimately decided to operate the B/C samplers without flow regulation and, as a result, were
required to measure the flow rate of each sampler both before and after each test. This significantly
increased the time required to deploy and retrieve the concentration samples and contributed substantially
to the logistical difficulties which prevented us from testing during stable near-dawn atmospheric conditions.
The low flow rate also gave rise to concern over the issue of reduced collection efficiency due to anisokinetic
sampling and it significantly reduced the signal-to-noise ratio of our concentration measurements by limiting
the total amount of smoke material we could collect during a test.

I 2.2.1 Concentration Measurements

The concentration sampler used in these field experiments consisted of a stainless steel tube 6 mm in
diameter and 89 mm long. The tubes were packed with Tenax, a chemical adsorbent which removes
hydrocarbons from the air flow drawn through the tube. This approach was used for several reasons. First,
whereas a study by Jenkins and Holmberg (1981) indicated that a substantial portion of diesel fuel-based
smoke remains in the vapor phase and does not condense into an aerosol, no such information was available
for SGF-2 fog-oil smoke prior to this study. The Tenax-filled samplers allow both vapor ad aerosol to be
collected, yielding more correct estimates of exposure. Second, all of the material collected by the sample
tube is available for analysis, unlike bubblers (impingers) from which only a small portion of the sample is
withdrawn and analyzed. This results in a more accurate concentration measurement. Third, owing to the
limited time available for testing and the large number (>100) of sampling locations, ease of deploying and
retrieving the samples was critical. The sample tubes are easily deployed, retrieved and packed for shipping.
Finally, the analysis of the tubes was readily automated, allowing the results of a test to be determined
overnight rather than days or weeks after testing. This was particularly important since it provided rapid
feedback on our field techniques and enabled us to quickly change our experimental procedures and
improve our results.

Subsequent to each test, the sample tubes were collected, capped and shipped to the University of
Illinois for analysis. Analysis of the concentration samples by thermal desorption/gas chromatography
provided the total mass and chemical composition of the fog-oil smoke collected over the period of
aspiration. In order to reduce the amount of time required to analyze the data collected (130-210 samples
per test), a packed column chromatographic method was employed. This method produced the correct total
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mass but could not resolve the mass of any particular constituent. From these data, average concentrations
were determined by dividing the mass collected by the total volume of air drawn through the tube during the
period of aspiration. Details of the chemical analysis procedure are provided in a companion report (DeVaull,
et a!., 1988).

2.2.2 Aerosol Measurements

I Deposition was measured via surrogate surfaces: dry, chemically Inert, circular glass-fiber filter papers
125 mm in diameter. Although a variety of techniques have been utilized to measure dry deposition (that is,
deposition by processes other than precipitation) no one method has gained acceptance. In 1980, a group
of scientists critiqued various monitoring methods and concluded that surrogate surfaces are inadequate
because they do not simulate natural surfaces (Hicks, et al., 1980). However, the dissenting view at the same
meeting held that surrogate surfaces, despite their limitations, represent the only method available for large
field studies of deposition, due to their simplicity and low cost. In their dissenting discussion, Davidson and
Lindberg point out several field studies in which dry deposition measurements, carried out with surrogate
surfaces, showed both internal consistency and fair agreement with theoretical predictions.

Additionally, Lindberg and Lovett (1982), found that deposition measurements made with rimmed
polycarbonate filters (9.4 cm diameter) were slightly higher than data gathered from foliar leaf washing. They
attributed the difference to variations in leaf orientation and leaching. Sickles, et al. (1982) compared foliar
washings of Ligustrum having smooth, oval leaves of about 1 cm2 with data from polycarbonate buckets, petri
dishes and cellulose filter papers. The filter paper had the highest collection efficiency of the surrogate
surfaces; the surrogates all had higher collection efficiencies than the natural leaf surface. All surfaces
exhibited the same trends, however, which indicates that while the surrogates do not replicate the naturalsurfaces, their degree of variability is no greater than the variability found among natural surfaces. Theauthors concluded that surrogate surfaces are, in fact, reliable and useful for measuring dry deposition.

I Dasch (1982) compared several types of surrogate surfaces, including nylon, teflon, quartz fiber and
glass fiber filters, to determine their collection efficiencies. In these tests, the filters exhibited consistently
higher efficiencies with the glass fiber having the greatest. For this reason, glass fiber filters were selected
for use in the present study. The filters were affixed to steel support plates by means of steel clips. Both
horizontal and vertical orientations of the plate/filter assembly were employed in order to assess both
deposition and impaction as removal mechanisms. After a test was completed, the collected filter papers
were sealed in glass vials and shipped to the University of Illinois along with the sample tubes. In the
laboratory, these vials were filled with a solvent (hexane). The mixture was then concentrated and injected
onto a sample tube packed with glass wool for a chromatographic analysis similar to that carried out for the
sample tubes. As a check on this analysis method, some of the filters were cut in half. One half was then
analyzed by the above method and the other half was inserted into an empty sample tube for direct thermal
desorption/gas chromatographic analysis. Both methods yielded very similar results.

In addition to these instruments, twelve seven-stage Mercer-style cascade impactors manufactured by
Intox Products (model no. 02-100) were utilized to measure the particle size distribution of the fog-oil smoke
between 0.33 and 4.5 lam. Due to the limited time available to recover the samples from one test and to
prepare for the next, no more than six cascade impactors were employed per test. These six were widely
spaced io assure that at least one would be exposed to the plume. Their location on the sampling network
was selected based on the prevailing wind direction just prior to each test in order to maximize the likelihood3 of their exposure to the plume.

The cascade impactors were aspirated at nominally 1 .pr via a B/C sampler. The actual aspiration was
measured and recorded because the 50% cutoff (Dpsu) for each stage depends on the flow rate according to
the ratio

I
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I(P50O)actual 1 p
(DP50)I LM actual flow rate (Lpm)

The p,50 sizes for cascade impactor stages aspirated at 1 Zpm are given in Table 2.1.

Table 2.1 Cascade Impactor Stages at I Lpm Flow Rate

Stage pSo (gmn)

1 4.5
2 3.0
3 2.15
4 1.6
5 1.06
6 0.72
7 0.33

It proved very difficult to gauge how long to aspirate an impactor, since the time at which overloading
occurred depended on several factors including the rate of release, the distance from the point of release,
and the prevailing meteorology (wind speed, direction fluctuations, etc.) Although through experience we
were eventually able to determine proper aspiration times, we frequently underexposed or overexposed the
impactors during the first tests. In addition, the fine jets in the impactors which effect the particle sizing were
easily clogged by the dusty conditions prevalent at the site.

After exposure, the impactors were sealed. Later, the seven 22-mm glass cover slips (one for each
stage) and the backup glass-fiber filter were removed and sealed in glass vials and shipped to the University
of Illinois for analysis. There they were washed twice with solvent (hexane) and the mixture was
concentrated. The concentrate was then injected on glass wool inside a stainless steel tube of the same
design as that used for the concentration samplers. The mass of fog oil was determined by thermal
desorption and gas chromatography following the same procedure used for the sample tubes.

3 2.2.3 Anisokinetlc Sampling

Due to the low aspiration rate possible with the B/C samplers, anisokinetic sampling (the deviation of
particle paths from the streamlines of the air) posed a potentially serious problem (Watson,1954). Sehmel
(1967) describes the corrections necessary for horizontally oriented filter cassettes at an angle to the wind,
such as those used at Hanford. In order to minimize the effects of anisokinesis as well as the sample bias due
to fluctuations in wind direction, both the sample tubes and the cascade impactors were mounted vertically
with their sampling inlets facing upward. The bubbler inlets in the Prairie Grass study were also oriented
vertically for the same reason.

In order to assess the effects of anisokinetic sampling on the data, an empirical correlation due to
Laktionov (1973) for oil droplets sampled at 900 to the mean flow was utilized to produce the curves given in
Figure 2.4 for 0.5 .m droplets:

Utube 9 1/2

A = 1-3(Stk)a ;c= _ (2.1)A 1, UwindJ

Here the aspiration coefficient A, defined as the ratio of the measured concentration to the actual3concentration, is shown to be a function of the mean horizontal wind speed uwind and the aspiration rate of
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the sampler (Utube is the velocity of air in the sample tube). The Stokes number is defined in terms of the
particle response time 'T:

2
d~p

Stk P P (2218p 22g

Here U - Uwind and D is the tube diameter; dp and pp are the diameter and density of the particle,
respectively, and g± is the viscosity of the air. It is clear from Figure 2.4 that as the mean wind speed
increases, the error in the measured concentrations will also Increase. It is also apparent that this may be
overcome with a sufficiently high aspiration rate. In order to achieve the maximum aspiration rate possible
with the B/C samplers, the 1 Lpm flow restrictors were removed. Although this only increased the aspiration
rate to about 1.5 Lpm, a substantial improvement in the aspiration efficiency of the concentration sampler
appears to have been realized.

The experimental work of Durham and Lundgren (1980) and Tufto and Willeke (1982) both show close
agreement with equation (2.1). However, all three of these studies were carried out for Stokes numbers in
the range 0.003 < Stk ! 3.0, whereas the Stokes numbers encountered in our field study were much smaller
(0.0001 s Stk ,; 0.001). Thus the applicabilfty of the results of these studies to our data is questionable.
Because of this, no correction for anisokinetic sampling has been applied to our data.

2.2.4 Perfluorocarbon Tracer

Because the Tenax removes all hydrocarbons from the air (including, for example, automobile exhaust
emissions) the background "noise" level of the sample tubes was much higher than that of a simple filter
which would have collected only the aerosol portion. In order to provide a check on the fog oil
concentrations as well as to extend our detection range to 2000 m, we released small amounts of
perfluorocarbon tracers with the fog-oil smoke. The appeal of perfluorocarbon tracers, described by
Lovelock and Ferber (1982) is threefold: 1) they are readily detectable well below the part-per-trillion level
and the total atmospheric perfluorocarbon burden is very low, thus making very long range measurements
possible; 2) they are non-toxic and resistant to environmental and thermal degradation unlike the more
familiar halocarbons; 3) they are relatively inexpensive.

Pertluorocarbon tracer deployment and analysis techniques were developed and demonstrated by the
Air Resources Laboratory (ARL) of the National Oceanic and Atmospheric Administration (NOAA) and by
Brookhaven National Laboratory (BNL) as described by Ferber, at al. (1981) for perfluoro-
monomethylcyclohexane (PMCH) and perfluorodimethylcyclohexane (PDCH). These two compounds were
successfully employed as gaseous tracers in the CAPTEX 83 Cross-Appalachian Tracer Experiments (Ferber
and Heffter, 1983). Dietz and Dabberdt (1983) have compiled an extensive report describing both PMCH

and PDCH as well as the preferred methods of release, sampling and chemical analysis for atmospheric
dispersion experiments.

Because we were interested in measuring both the vapor and aerosol phases of the fog-oil smoke, we
investigated perfluorocarbon compounds having much lower vapor pressures than PMCH and PDCH, such
as the Fluorinert series manufactured by the 3M Company. We also considered decachlorobiphenyl (DCBP)
which was used as a tracer by Jenkins, etal. (1983) in their studies of the inhalation toxicity of fog-oil smoke in
rats. We chose to use Fluorinert FC-72 and FC-70; FC-72 was expected to remain in the vapor phase while
FC-70 was expected to recondense after vaporization.

Prior to each test, a 10 ml syringe was filled with an equal mixture of FC-72 and FC-70 and loaded into a
syringe pump. The tracer was dispensed at a rate of 3 ml/hr or 6.2 g/hr into the hot exhaust stream of the
fog-oil smoke generator where it was vaporized. The tracers were not mixed directly into the fog oil for
several reasons. Ensuring a homogeneous mixture of tracer and fog oil would have been difficult. It would
also have been impossible to determine exactly how much tracer had been released. Most importantly, we
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were concerned that subjecting the tracers to the high temperatures experienced inside the M3A3E3
generator might cause them to breakdown.

To avoid the potential thermal decomposition of the tracor (and to make sure that this study did not
contribute significantly to the atmospheric background concentration of perfluorocarbons), we released the
minimum amount of tracer material which we estimated would be detectable at 2000 m. This minimum was
determined assuming the minimum amount detectable by the electron capture detector (ECD) on the gas
chromatograph to be the rated 10-6 mg and the aspiration rate of the samplers to be 1 .pm for 1 hour. Thus
the minimum detectable concentration was determined to be

Xmin = 10 mg = 1.67 X 10s mg/m3  (2.3)
(1 .pm) (10m 3/L) (60 min)

With the minimum dilution factor X (_ concentration / release rate) computed from a simple gaussian
plume model to be 1 X 105 s/im3 at 2000 m for a 5 ms wind speed, the minimum release rate was computed

-I to be
1.67 X 10" (mrn 3)m-

mrrnin = = 1.67 mg/s -- 6.0 g/hr (2.4)
1 X 10s5 (s/rn3

It should be noted, however, that a higher priority was assigned to the sampling and analysis of the
fog-oil smoke over the tracers. This priority is reflected in many aspects of the experimental design; for
example, the separation column and temperature programming of the gas chromatograph were optimized for
fog oil, not perluorocarbons, and the sample tubes were filled with Tenax rather than Ambersorb (the
adsorbent recommended by Dietz and Dabberdt). Because of the many compromises favoring fog-oil smoke
measurements we considered deleting the tracers altogether from the experiments. However, since this was

a pilot study to investigate various measurement approaches, we attempted their use but de-emphasized
their role in favor of directly measuring ambient fog-oil smoke concentrations.

2.3 DISCUSSION OF FIELD DATA

I Eleven trials in all were carried out but only the last three were sufficiently successful to be useful for
,modelling purposes. Although many factors contributed to this outcome, three were particularly problematic.
Firstly, because of Dugway's extremely tight schedule, we were compelled to conduct at least one test each
day despite the fact that a minimal chemical analysis of the samples acquired during any given test required
nearly 48 hours to complete, including shipping by Federal Express. This meant that we could not
implement any changes in test procedure suggested by the results of tne data analysis until several more

* tests had already been conducted.

Secondly, our original sampling network (Figure 2.2) was designed to accommodate a wide range of
wind directions and so the samplers were laid out in such a manner as to cover a large area (1600 m by 800 ni
at 100 m intervals). This resulted in insufficient spatial resolution: during tests with high winds, the plume was
less than 100 m wide until it was more than 400 m down range, thus fewer than a half dozen samplers were
actually exposed to the plume at less than 400 m; during convective, low wind speed tests the initial upward
momentum of the plume was augmented by strong Insolation which caused the bulk of the plume to rise
above the height of the sampiers (1.5 m) by the tirr it had traveled tv I.ie first row. This problem was
overcome by implementing the high resolution network (Figure 2.3); however, because of the tight test
schedule, eight tests had been conducted before this problem could be identified and corrected.

Finally, the distance from the point of release at which the smoke could be detected was limited to about
200 m due to the high background "noise" level caused by contamination of the sample tubes. The reason
for this high background level centers on the basic design of the concentration sampler itself. Since the
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Tenax readily adsorbs hydrocarbons from the atmosphere, each sample tube had to be thermally
conditioned prior to use to remove any hydrocarbons already present. Subsequent to this conditioning
procedure, the tubes were allowed to cool and were then sealed with plastic endcaps. Laboratoiy tests
indicated that this produced adequately conditioned tubes; however, tubes which were transported to
Dugwiy, but not used, showed an average contamination of 0.37 p.i per tube. This contamination was
eventually traced to the apparent outgassing of the plastic endcaps. As a result, smoke concentrations less
than about 1 mg/m 3 (which resulted in substantially less than 0.37 pl of oil collected) were not discernible
from the noise; such concentration levels occurred at roughly 200 m for these tests.

2.3.2 Concentration Data

The results of tests T0009, TOO10 and T001 1, conducted on the high resolution grid, are given in
Appendix D. Isopleths of these data are plotted in Figures 2.5 through 2.7. In these figures the sampler
locations are indicated by small open circles. "lhe position of the source is also indicated along with an arrow
which shows the mean wind direction during the testing period. The shaded area on each side of the arrow is
proportional to the standard deviation of the wind direction. During the course of each of these tests the
M3A3E3 smoke generato; unit failed. This is the reason for the STOP and RESTART times indicated in the
figures. During T001 1 (11 April 1985) the wind direction changed while the generators were being
field-repaired. To accommodate this wind shift, the generator was relocated prior to restarting the test; bothlocations are indicated in Figure 2.7.

These figures give a somewhat distorted impression of the plume. This is largely due to the difficulty
encountered in contouring irregularly gridded data such as these. The extent of this difficulty is best
revealed by comparing these figures to the predictions of a simple gaussian plume model (Pasquill and
Smith, 1983, p. 320)

___ (2

.(x,y,O) , Q* exp -Y (2.5)7CU 03' 2 2

where X(x,y,0) is the mean concentration at ground level, 0 is the release rate, U is the mean wind speed and
Oy and az are the plume parameters defined by

ay =08 Xf M(2.6)

I z = (Y X (x)

Here a( and co are the measured standard deviations of the wind direction and inclination, respectively; x Is
the distance downwind of the source and the f(x) are empirical functions of downwind distance. We have
used Draxler's (1976) form for the f(x)

1
f1(x) = f2(x) = 1 +0.90 (2.7)

1 09 O//UT)

Draxler defines T as the travel time (-x/U) for f(x) to fall to one half of its initial value. Based on diffusion data
from several field studies, Draxler suggests T, a 300 s for diffusion from a near surface level source.

Isopleths of the predictions of the model for tests T0009, T001 0 and T001 1 are presented in Figures
2.8 through 2.10, respectively. These contours were determined from predictions for a rectangular grid (7
x1l) and do not appear to be in especially closo agreement witi, !he field data. However, Figures 2.11
through 2.13 present isopleths of the same model predictions determiiled at the sampler locations used to
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Figure 2.8 Isopleths of average concentration computed on a rectangular grid (7 x 11) using Draxler's (1976) model
for test T0009.
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I ! collect the data. These figures appear much more like those representing the field data; the distortion is thus
seen to be largely due to interpolation ambiguities and not a fault in the data.

I It should be noted that for T0009, the source was initially located at J4 (0,0) rather than (-4,30) as
Indicated in the figures. However, because the bulk of the plume missed the sampling grid to the west
(toward the bottom of the figure) from this release point, the source was relocated to (-4,30) within the first 15
minutes of the test. Because the disemination of smoke continued during the relocation, the data closest to
the release point appear to suggest a release point between (0,0) and (-4,30).

Another apparent discrepancy between the data and model predictions occurs for test T0010 where
the field data appear to be at odds with the wind direction. As Figure 2.17 indicates, the wind direction
frequency distribution for T0010 was actually bimodal and thus not well represented by the mean value of
201 ° . As a result, the model prediction for T0010, which assumes a normal wind direction frequency
distribution, is not in as close agreement with the field data as those for T0009 and T001 1 when the wind
direction frequency distributions were both nearly normal. Furthermore, a careful examination of the
frequency distribution and the contour plots for T0010 shows that the data do indeed reflect the observed3 wind pattern.

Comparison of Figures 2.11 - 2.13 with Figures 2.5 - 2.7 indicates that the model and data are in
reasonably good qualitative agreement. More quantitative comparisons may be made by examining Figures
2.14 -2.16 where model predictions and data are plotted for each transect. These comparisons indicate that
the maxima are in virtually the same locations on each transect, the lateral spreading is roughly equal and the
concentrations decline with distance in a similar manner, However, the magnitude of the data is larger than
the model predictions by about a factor of three. This difference is most likely an indication of the
shortcomings of this simple model rather than of problems with the data. Comparisons of more sophisticated
dispersion models with these data, carried out by Policastro, et al. (1986), reveal much closer agreement

i between the field data and the model predictions.

Data from other field studies also support the field data. Table 2.2 presents a comparison of data from
the present study with selected tests from Project CONDORS (Kaimal, et al., 1986) and Project Prairie Grass.
All of these tests were comprised of near-surface releases into unstable atmospheric conditions. Project
CONDORS involved the measurement by lidar and doppler radar of fog-oil smoke concentrations at
elevations above 50 m resulting from both surface and elevated releases. Estimates of ground level
concentration were obtained by extrapolating downward from the 50 m elevation assuming a zero
concentration gradient. Gaseous sulphur dioxide was released during the Prairie Grass study. In the table,
U/w., the ratio of the mean velocity to the convective velocity scale, provides an indication of the strength of
the convection; a value near or less than unity indicatos strong convection. The dilution factor, X.Q, is the
average concentration along the centerline of the plume divided by the release rate; it will be used to
compare the results of the different studies

The tabulated values reveal that the dilution factors computed from the Prairie Grass data are two to
three times greater than the corresponding values from our data on both the 50 m and 200 m transects. This
may be due to the differences in release conditions: the SO 2 was released close to the ground and with an
exit velocity and temperature near ambient whereas we generated fog-oil smoke with a high exit temperature
and velocity directed upward at a 450 angle to the ground. This probably caused the fog-oil smoke plume to
develop farther from the ground and thus to yield lower concentrations near the ground than would have
ocurred had a release scheme more similar to the Prairie Grass method been adopted. Conversely, the
values from the CONDORS data are somewhat lower than ours, probably due to a combination of the 3 m
release height and the assumed zero gradient between the ground and the 50 m measurement height.

3
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Table 2.2 Comparison of Concentration Data from Several Field Studies

Test U/w. X/0 (sm-3 )

50 m 200 m

P T0009 3.0 6.88 x 10-4  3.17 x 10-5

T0010 0.9 2.26 x 10- 4  8.61 x 10-5

T0011 3.2 6.94 x 10-4  8.97 x 10-5

Prairass 7 2.8 10.3 x 10- 4  4.70 x 10-5

10 2.6 18.5x 10-4  11.4x 10-5

16 1.4 42.7 x 10- 4  21.9 x 10-5

25 2.7 28.3 x 10- 4  7.55 x 10"5

CONDORS 4-82 1.3 - 1.29 x 10 .5

5-82 0.9 - 3.96 x 10-5

1-83 1.6 - 2.93 x 10-5

2-83 0.9 - 4.85 x 10-5

3-83 1.3 - 2.31 x 10-5

4-83 1.0 -- 2.03 x 10- 5

2.3.3 Particle Size Data

Particle size data were successfully acquired during tests T0009, T0010 and T001 1. The data from
these trials is summarized in Table 2.3 along with the results of a measurement using our laboratory fog-oilsmoke generator.

Table 2.3 Summary of Particle Size Data

Impactor No. Flow Rate Location dM MMAD ag
(Lore) (x.y) (;Am), (;')

6 1.4 (25,0) 0.61 0.34 2.06
7 1.2 (50,0) 1.27 0.79 1 .86

T00!0 1 0.7 (375,0) 1.18 0.88 2.82
6 0.6 (350,0) 1.35 1.31 4.44
3 1.4 (300,-50) 0.86 0.85 3.81
4 1.1 (300,-50) 1.06 0.51 3.04

Tool11 7 1.3 (25,0) 0.71 0.35 3.19
8 1.0 (50,0) 1.32 0.89 3.34
5 1.4 (400,0) 0.63 0.71 7.04

Lab Smoke - 1.0 -- 0.70 0.42 2.18

In the table, the flow rate through the impactor is listed as well as its position on the sample grid during
the test. The mass mean diameter dM, mass median aerodynamic diameter (MMAD) and geometric standard
deviation a, are also given. These are used to characterize the size distribution of the fog-oil smoke and to
provide a basis for comparison with the results of a previous examination of fog-oil smoke by IITRI (Katz, et al.,
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1980). The mass mean diameter is computed by summing the products of the mass fraztions per stage xi,
and the 50% cutoff sizes Dp5o (Table 2.1) after adjustment for the measured flow rate H;nds, 1982; page
79):

7 8

dM = Xi Dp50, ; Xi = m/Ymi (2.8)
i,,, im 1

Here m i is the mass collected on an individual stage of the impactor. Note that the first summation, to
compute the mean, is over the seven stages of the impactor only whereas the mass traction computation
must also include the mass collected on the backup filter. IITRI computed the mass mean diameter somewhat
differently: instead of using the Dp50 value for each stage, they used an average comprised of the Dp50 for a
given stage and the previous stage. That is, the Dp50 for stage 2 would be an average of the values for stage
1 z'-d 2.

The mass median aerodynamic diameter (MMAD) indicates the particle size at which 50% of the
cumulative mass occurs. The aerodynamic diameter is the diameter of a spherical particle exhibiting the same
aerodynamic behavior as the particle in question. However, since the fog-oil smoke droplets are essentially
spherical, the droplet diameter and the aerodynamic diameter are equivalent. Together with the geometricstandard deviation ag, the MMAD describes a log-normal distribution (Hinds,1982; page 85):

df= 1 exp - (In d p,- In MMAD) 2

2n d PIn a 9 '1 dP2((If ndp)2  / ddCl (2.9)

Here df is the fraction of particles having diameters between dp and dp + d dp.

Plots of the data collected from each impactor listed in Table 2.3 are presented in Figures 2.18 through
2.27. These figures represent the percentage of the total mass collected that was contributed by particles'
less than or equal to a given aerodynamic diameter. The Dp5O sizes for each impactor have been corrected
for the actual, measured flow rate. The straight line in these figures represents a log-normal distributionhaving the same MMAD and geometric standard deviation a. as the data.

The smoke generated in the laboratory is shown in Figure 2.18 to be well characterized by a log-normal
distribution; the data all lie close to the straight line. Most of the field data are also well represented by a
log-normal distribution, as the figures demonstrate. Several, however, deviate significantly from log-normal.
Figure 2.19, for example, is essentially monodisperse (most of the mass collected on stage 6) at 0.62 l.m.
Figures 2.24 and 2.26 also deviate from log-normal but in a manner which suggests clogged jets.

The average mass mean and mass median diameters for the data are 1.0 and 0.74 i4m respectively. This
is slightly smaller than IITRr's results (1.16 and 0.9 p±m for mass mean and mass median diameters,
respectively) which probably reflects our smaller Dp50 values. (Recall that we did not average successive
Dp50 sizes as IITRI did.) IITRI also observed that the aerosol agglomerated with time in Iheir lest chamber. No
similar trend of increased particle size with distance is discernible from our data. Although this may be due to
a rather large amount of scatter in the present data, it might also be true that agglomeration is not as3 significant in an unconfined aerosol.

2.3.4 Deposition Data

No significant amounts of fog-oil smoke were detected on the deposition filters for any test whether

they were oriented horizontally or vertically. Since both analysis procedures outlined earlier produced
consistent results for laboratory-prepared standard samples (filters on which a known amount of oil had been3 deposited), it may be concluded that within the resolution of our method of analysis, deposition and
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Figure 2,18 Log-probability plot of the cumulative size distribution of a laboratory-generated oil fog aerosol.
Aspiration Rate: 1.0 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.42 microns: Geometric
Standard Deviation: 2.18.
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Figure 2.19 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0009.
Cascade Impactor no. 8 located at (25,0), about 40 m downwind of the smoke source.
Aspiration Rate: 1.42 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.34 micronsGeometric Standard Deviation: 2,06.
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Figure 2.20 logpoability plot of the cumulative size distribution of oil fog aerosol for test T0009.
CTade Impactor no. 7 located at (50,0), about 60 m downwind of the smoke source.
Aspiration Rate: 1.23 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.79 microns

eomnetric Standard Deviation: 1 .8.
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Figure 2.21 Log-probability plot of the cumulative size distribution of oil fog aerosol for test Tool1o.

Cascadel Ipcor no. 1 located at (375,0), about 25 m downwind of the smoke source.
Aspiration Rate: 0.71 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.88 microns
Geometric Standard Deviation: 2.82.
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Figure 2.23 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0010.
Cascade Impcor no. 3 located at (300,-50), about 110 m downwind of the smoke source
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IFigure 2.24 Log rbabilit, plot of the cumulative size distribution of oil fog aerosol for test T001 0.
Casc ade Impactor no. 4 located at (300,-50), about 110 mn downwind of the smoke source.
Aspiration Rate: 1.13 Lpm; Mass Mvedian Aerodnamic Diameter (MMAD): 0.51 micronsI Geometric Standard Deviation: 3.04.

1 47



7u

i

i TEST, TOOl ,,
DATE: 11 APR 85 __

99.0 SMOKE: FOG OIL -

C 98.0 -
01 ~MMAD = 0.35 ~s

95.0 - a 319 -3.19--

90.0 l

o 80.0I 67.0

In 3I3.0 _

* 20.0

J10.0 -. f l ill

0

i> II/ Jl0 5.0

E 2.0 - ~-*' -

U 1.0 -- , --

3 ~~~0.1 -- - *- -li3 10-2 10-1 1 QO 10
Particle Size (microns)

Figure 2.25 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T001 1.
Cascade Impactor no. 7 located at (25,0), about 35 m downwind of the smoke source.
Aspiration Rate: 1.27 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.35 microns
Geometric Standard Deviation: 3.19.
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Figure 2.26 Log-probability plot of the cumulative size distribution of oil fog aerosol for test TO01 1.

Cascade Impactor no. 8 located at (50,0), about 55 m downwind of the smoke source.
Aspiration Rate: 1.04 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.89 microns3 Geometric Standard Deviation: 3.34.
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impaction are not significant removal mechanisms for fog-oil smoke produced by an M3A3E3 unit. This is
consistent with the size distribution data gathered from the cascade Impactors: for micron-sized particles
having a density of 0.9 g/crm3, deposition is not expected to be significant. This can be seen by examining

I the dimensionless parameter h,

h. M Wh gh (2.10)

atTL_ wTL OwL

Here w. is the settling velocity and is equal to the product of the response time (equation (2.2)) and the
acceleration due to gravity; h is the release height of the particle, aw2 is the variance of the vertical velocity
fluctuations and TL is the Lagrangian integral time. Together, (Ow2 T) is a measure of the local turbulence.
Boughton (1983) has shown that this parameter indicates the relative significance of settling and turbulent
dispersion. If ws or' -cIs very small, then h, <<1 and settling is not significant oon ipared with turbulence, This
is the case forthe fog-oil smoke since - 10-6 s, g =9.8 m/s, h - 1.2 m and aw2 TL -, 100 m2/s leads to hd
10-7. (However, if we were to consider a hailstone having c - 101 s and h - 103 m then h, - 102 &nd
turbulence would not be significant compared to settling.)

rhis finding is also in agreement with the experimental work of Clough (1973). Clough measured the
rate of deposition of solid particles to smooth extended surfaces and horizontal filter paper in a large wind
tunnel. His results supported the theoretical work of Sehmel (1973) who predicted that deposition was
exceedingly small for particles in the range 0.1 - 1.0 im. In this range, the particles are too large for diffusion
to significantly influence deposition but too small to have an appreciable settling velocity, as the analysis in
the previous paragraph demonstrates. Clough presents data from a study of deposition to grass by
Chamberlain which shows that although the settling velocity has a minimum in the range 0.1 - 1.0 lam, it is
larger (by as much as ten times) than that indicated by Sehmel or Clough. This is probably due to impaction
on the upright blades of grass. Garland (1982) discusses more recent field studies having the same results.
Since we were unable to detect measurable levels of fog-oil smoke on either horizontal c,, vertical surfaces,
the deposition of fog-oil smoke, whether by settling, diffusion or impaction, is probably insignificant at
distances greater than 25 m from the source.

2.3.5 Aerosol Phase Partitioning

c In order to assess the degree to which the fog-oil smoke is partitioned into vapor and droplet phases,
concentration sampling tubes were placed in series with cascade impactors. All of the droplet phase was
collected on the seven stages of the impactor or on its backup filter. Any vapor would pass through the
impactor and be adsorbed by the Tenax in the concentration sampler. The results of all of these
measurements were that no amount of fog-oil smoke significantly above the background level was detected
on the concentration samplers whereas oil droplets were clearly visible and present in significant quantities
on the stages of the Impactors. Subsequent laboratory tests were carried out due to concern over the high
detection threshold of the sample tubes used in the field. These tests confirmed our finding that, unlike
diesel fuel based smokes, 99% of the fog-oil smoke exists in the droplet phase.

3 2.3.6 Chemical Aging

Chemical analysis of the fog-oil smoke samples by packed column gas chromatography revealed no
discernible differences between the composition of the raw fog oil and either the smoke immediately
downwind of the M3A3E3 or at large distances from the generator. However, analysis by a higher resolution
method is necessary to confirm this finding. Details of the chemical analysis are presented in DeVaull, et al.
(1988).
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3.0 SOURCE MEASUREMENTS

Detailed, time-dependent data concerning the behavior of the smoke source are necessary for the
accurate 'predictlon of downwind dosages as well as for the evaluation of models which predict such
dosages. In the present study of fog-oil smoke, data describing the behavior of the M3A3E3 oil fog
generators were collected during the release periods. This section describes the instruments andprocedures employed to acquire and reduce these source data in addition to providing a summary anddiscussion of the data obtained.

3.1 The M3A3E3 Generator

The M3A3E3 fog-oil smoke generator, illustrated in Figure 3.1, produces smoke by vaporizing fog oil
and ejecting it into the atmosphere at a nominal rate of 48 gallons of SGF-2 fog oil per hour (U. S. Army). A
fog oil pump assembly, driven by a small, one-cylinder reciprocating engine, draws fog oil from a reservoir and
pumps It into the engine tube of a pulse jet engine. The high temperature of the combustion gases causes
the fog oil to vaporize. The vaporized fog oil is forced through three outlet nozzles at high velocity into theatmosphere where it condenses forming a dense, white smoke. The resulting aerosol Is a two phase mixtureof micron sized droplets and vapor.

Two M3A3E3 generators, prototypes of a design to replace the Korean War vintage M3A3 units, were
secured for use in the present study. Both units were considered to be in new condition: one had never
been operated and the other had only been test fired briefly prior to shipment. During a preliminary test of
the generators and sampling system at Argonne National Laboratory in January 1985, both units were
operated without incident.

Upon arriving at DPG, the generators and their associated Instrumentation were mounted on a flatbed
trailer. This was done to enable siting decisions to be based on the prevailing wind direction immediately
prior to the testing period. As a result, the exit nozzles were located at an elevation of 1.2 m (4 ft) above the
ground. The two generators were never operated simultaneously but rather were used to provide redundant
capability and thus minimize the time lost in the event of equipment failure. No difference in either operating
or smoke characteristics was detected between the two M3A3E3 units.

This redundant capability proved to be necessary as failure of the generators occurred frequently
despite the presence of trained M3A3 operator/technicians supplied by DPG. The most trouble-prone
aspects of the M3A3E3 were the gasoline engine and the rubber air hoses. The gasoline engine on each
M3A3E3 unit was difficult to start and Idled roughly. This was eventually diagnosed by Dugway Proving
Ground personnel as the effects of altitude. To overcome this problem, the float level in the carburetor was
adjusted and the fuel metering jets resized on both units. The spark plug and ignition points were also
replaced. The rubber air hoses repeatedly ruptured. This resulted from the embrittlement and melting
caused by their close proximity to the red hot body of the pulse jet engine assembly (17 in Figure 3.1). 'his
problem was overcome by replacing the rubber hoses with thick-walled copper tubing.

In addition to these failure modes, many of the M3A3E3 oil lines leaked excessively. This might explainwhy the actual release rate was always less than the nominal rate of 48 gallons per hour. In fact, during ournext to last test, the fog oil pump on one M3A3E3 unit failed completely. Upon returning to Illinois we
discovered that the pump's impeller had become friction welded to the casing, probably as a result of an
insufficient oil flow rate. These problems with the M3A3E3 caused many delays and occasional cancellations
of testing. Several tests were cut short by a failure of one of the M3A3E3s while the other was being
repaired.
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I Figure 3.1. M3A3E3 Smoke Generator Assemblies and Major Components (from M3A3E3 Operation's Manual).
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3.2 The Ideal Data Set

Policastro and Dunn (1985) have described the ideal data set for evaluation of smoke hazard models.
For the purposes of source definition, this data set includes:

(a) the location(s) and elevation(s) and exit diameter(s) of the smoke release point(s) and the
direction of smoke plume release when a smoke generator or vehicle exhaust is utilized,

(b) the mass release rate (kg/s) of smoke material as a function of time over the entire period of
smoke generation,

(c) the particle size distribution and composition of material as it leaves the generating device, and

(d) the exit temperature and velocity of the smoke plume, also as a function of time.

In the present study, all of these characteristics were measured.

3.3 Data Acquisition and Reduction

In order to effect time-dependent measurements of the exit temperature, all three exhaust ports on
each generator were instrumented with chromel/alumel (type K) thermocouples. During a test, the output of
these thermocouples was scanned at 20-second intervals with a model CR7 datalogger manufactured by
Campbell Scientific, Inc. (Logan, Utah) and stored on cassette tape. Since the measured exit temperatures
varied by only a degree or less between adjacent ports, the instantaneous exit temperature was determined
by averaging the three measured values. Additionally, the instantaneous exit temperature fluctuated due to
the action of the pulse jet engine. The effect of these fluctuations upon the data were reduced by averaging
the instantaneous values over 1-minute periods.

Fog oil was drawn from a 55-gallon drum located on the flatbed trailer. Since the M3A3E3 also uses the
fog oil as a coolant, both a supply and return line must be connected to the 55-gallon drum. For this reason,
direct measurements of the rate of fog oil release were impractical. Instead, the 55-gallon drum was placed
on a 500 kg capacity digital scale manufactured by Circuits and Systems (Rockaway, New York) which had
been mounted on the flatbed trailer. The analog voltage output of the scale was recorded at 20-second
intervals with the CR7 datalogger. In this manner the instantaneous mass of the drum was obtained. By
differentiating these data, the instantaneous rate of release could be determined. Due to the vibration of the
generator, the instantaneous mass values exhibited fluctuations. These were overcome by averaging the
data over 1-minute periods and smoothing the results using a 5-point moving average technique. The data
were then numerically differentiated to obtain the instantaneous rate of release.

Estimates of the exit velocity of the smoke were obtained periodically during a test by measuring the
difference between the static and stagnation pressures at the nozzles with a pitot probe and a Magnehelic
differential pressure gauge. The calculation of the exit velocity took into account the high temperature of the

exhaust stream as well as the increased density of the exhaust stream due to the fog oil, The calculation
i proceeded in an iterative fashion as follows: with the well known relation

2

Ap = 1/2 p U (3.1)I where Ap = Pstagnation - Pstatic and p is the density of the flow stream, a first estimate of the exit velocity uG
was made using the measured value of ap and taking p equal to the density of air at atmospheric pressure3 and the average exit temperature. Next, the niass rate of release was estimated:

r = PuB A (3.2)

3 where p is the density and ue is the exit velocity computed previously. A is the area of the three exhaust
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ports (A - 3 X 1/4 xd* 2 ) where da is the port diameter. Note that this is really the mass flow rate of the air
alone. To estimate the total mass flow rate, the mass rate of release of the oil, which was computed directly
from the instantaneous weight of the oil drum was added:

artal = 1 ir moil (3.3)
With this result, a new estimate of the density of the flow stream could be made:

I total

P ,A (3.4)

Using this estimate of p In equation (3.1), u. was recomputed and the procedure repeated until it converged.

Periodically, samples of the fog-oil smoke I m downwind of the M3A3E3 were obtained in order to
compare its chemical composition both with raw fog oil from the supply drum and with samples obtained at
greater downwind distances. This was accomplished by placing a large-mouth glass jar in the plume for
1-minute. The jar was then sealed and labeled according to test and time of day for subsequent analysis.

A Mercer-style cascade impactor, Intox Products, Inc. (Albuquerque, New Mexico) model 02-100, was
located I m downstream of the M3A3E3 In order to measure the initial size distribution of the smoke. The
impactor was aspirated at a rate of 1 liter per minute (L.pm). Due to the proximity of the impactor to the
generator, it was very difficult to obtain an adequate sample of the fog-oil smoke without overloading theimpactor.

3.4 Results

Plots of the time-dependent exit temperature and rate of release for nine of the eleven tests
conducted are given in Figures 3.2 through 3.8. Test-averaged values for the duration of release, release
rate and exit velocity are presented in Table 3.1. No real-time source data were gathered during the tests on
March 21 and 25. During the test on April 4, the recording tape jammed 34 minutes into the test. This was
not detected until 73 minutes into the test and resulted in a loss of source data during that interval, Failure of
the recording equipment on April 10, 1985 prevented the acquisition of time-dependent data from the tests
on April 10 and 11. For these tests, the mass of oil released was determined from the initial and final weights3 of the fog oil drum, independently recorded.

Careful examination of the results presented In Figures 3.2-3.8 leads to several conclusions. First, the
exit temperature is strongly dependent on the rate of release. This is especially evident in Figure 3.8 where
significant changes in release rate lead to precipitous changes in exit temperature. The reverse Is not
necessarily true, however. Figure 3.7 shows a dramatic decline in the exit temperature due to the failure ofan air line. The release rate is seen to be unaffected.

I Secondly, it is apparent that both the release rates and exit temperatures varied significantly both from
test to test and during a given test. This highlights the need for time-dependent data. This also
demonstrates the difficulty encountered in operating the fog-oil smoke generators. The generators had to
be constantly monitored and the flow rate continuously adjusted in order to maintain successful operation.

Finally, it should be noted that the release rate rarely approached the nominal value of 45 g/s (48
gallons/hour) stated in the operators manual. Although the generator was operated with the flow control
valve in the fully open position as often as possible, the release rates were in the range 18 g/s to 43 g/s with
an average of 30 g/s.

I The exit velocity was computed from the measured difference in the static and stagnation pressures at
the nozzle exit plane. The computation was corrected for the average exit temperature and average release
rate. The small variation in the computed values of the exit velocity is largely due to the test to test variations
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3in average exit temperature and release rate; the exit plane pressure differences are more uniform. This
suggests that the average exit velocity of 78 m/s is probably sufficiently accurate to characterize these tests.

Chemical analysis of the fog-oil smoke samples by low-resolution gas chromatography revealed no

discernible differences between the composition of the raw fog oil and either the smoke immediately
downwind of the M3A3E3 or at large distances from the generator. Analysis of the cascade impactor data
revealed that the size distribution of the fog-oil smoke is nearly log-normal with a mass median diameter of

I
about 0.74;pm. Details of the chemical and size distribution analyses are described by DeVaull, et al. (1988).
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1 4.0 METEOROLOGICAL DATA

Meteorological data are available for eleven trial releases of oil fog smoke. Five trials were conducted
under Pasquill stability class D (near-neutral) conditions, three under class C (slightly unstable) conditions,
two under class B (moderately unstable) conditions and one under class A (very unstable) conditions.

Data were collected from two 32 m towers located at the test site (see Figure 2.2) in order to provide an
accurate description of the ambient meteorology during fog-oil smoke releases. These data were gathered in
order to determine those quantities required by predictive models of short-range atmospheric dispersion and
thus, in conjunction with the measured values of dosage, provide a comprehensive data set for modeling
and hazard evaluation purposes.

Time dependent measurements of wind speed, wind direction, angle of inclination and temperature
were carried out at five levels. From these data, averages over periods of 30 seconds, ten minutes and the
duration of the test were computed. Parameters indicating the state of the planetary boundary layer such as
the friction velocity, Monin-Obukhov length and other scales used by the models were also determined from

* the 1. Ia.

I he data were examined for internal consistency and for agreement between the two instrument
towers. For example, the computed variance of each measurement was compared with the value of its
auto-correlation at zero time and with the intograt of its power spectrum. The computed values of the
Mon'n-Obukhov length were compared with the Pasquill stability classification and with the exponent of the
power law fit to the vertical profile of the wind sr: ed. Time histories from each tower were examined for
correlated large scale phenomena and their sr-.a.a:.on in time compared with travel times estimated from
measurements of wind speed and direction. Thi, analysis showed that the data were, in fact, self-consistent
and that the data from the two towers were in close agreement.

In order to assess the quality of the meteorological data in more of an absolute sense, selected trials
representing extreme cases of atmospheric stability were compared to a model of atmospheric turbulence
developed by Hojstrup (1982). The model describes the spectral distribution of turbulent energy in the
three components of velocity. The model can also be used to predict velocity variance and integral scales. It
was selected because it covers a broad range of stability conditions, as do the data. It was developed from,
and agrees very closely with, data gathered in two extensive studies of turbulence in the planetary boundary
layer over Kansas and Minnesota (Kaimal et al., 1972, 1976, 1978). In this way, our data may be indirectly
compared with data from those studies.

4.1 Meteorological Instrumentation

The instrumentation necessary for measuring wind speeds and directions was provided for both towers
by Dur, .iy Proving Ground. The instruments had been checked for proper operalion and calibrated in3 January 1985.

Wind speeds were measured with Climet cup anemometers, model numbor 014-102 mounted at 2, 4,
8, 16 and 32 m. Fluctuations in the horizontal and vertical wind angles were measured with Climet model
014-47 or 014-48 bivanes mounted at 4, 8, 16 and 32 m. Horizontal wind fluctuations at the 2-m level were
measured with a Climet 014-6 direction vane. A careful analysis of the dynamic response of the wind
instruments was performed and is presented in Appendix A. This analysis indicates that, within the
frequency range of interest to the present study, no correction for instrument response need be applied to
the data.

The temperature values obtained wilh the RTrs on the Horizontal Grid Tower agreed very closely with
those obtained from the thermistors on the West Vertical Grid Tower. The values obtained from the
thermocouples on Horizontal Grid Tower were often as much as three degrees lower than those obtained
with the RTDs or thermistors. Thus, no analysis of the thermocouple readings was attempted.
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On the West Vertical Grid tower, temperature was measured at the 2, 4, 8, 16 and 32 m levels with
aspirated Climet 015-3 thermistors having a rated accuracy of ±0.15 CO. On the Horizontal Grid tower,
temperature was measured with individually calibrated CGS type 21A-10 platinum RTDs accurate to ±0.25 CO.
Differential temperatures were measured with copper-constantan (type T) thermocouple pairs. Both theRTDs and the thermocouples were housed in aspirated radiation shields.

Both instrument towers were 32 m in height with a 1.2 m by 1.8 m cross section; the long dimension was
located along a north-south line. The instrument booms on the West Vertical Grid tower projected east 2.1 m
from the south side of the tower ; whereas, those on the Horizontal Grid tower projected west 2.1 m from the
north side. The wind speed cups were mounted at the outer end of the boom; the wind vanes were
mounted 0.61 m from the ,er end. Aspirator tubes for the thermistors were mounted on the northeast
corner of West Vertical tc' 'acing north; whereas, those for the RTDs and thermocouples were mounted
on the west side of Horizont ,i Grid tower facing south. Additionally, measurements of solar radiance and dew
point were made at the 2-m level on the West Vertical Grid tower. A cup anemometer and direction vane
mounted atop a two meter high mast provided wird speed and direction information at the generator
location.

The data from the West Ver';,al Grid tower and the two meter mast was digitized and recorded on-site
with an HP 2250L computer and ciemetered to Data Central located in the Ditto Technical Center of Dugway
Proving Ground for processing. The data from the Horizontal Grid tower was digitized and recorded on-site
with a Fluke 2280A Datalogger and transferred from magnetic tape to an IBM PC/AT for first-pass processing.Subsequent processing was performed at the University of Illinois.

All instruments on the West Vertical Grid tower were sampled at 1-second intervals. On the Horizontal
Grid tower all wind instruments (e.g., cups, vanes) were sampled at 5-second intervals while the temperature
instruments (e.g., RTDs and thermocouples) were sampled at 1-minute intervals. The recording of
meteorological data was initiated prior to the commencement of smoke generation and lasted until alter
generation had ceased. This resulted in dala record lengths of 40 to 90 minutes. From these data, estimates
of the mean and variance of the wind speed, direction, inclination and temperature were computed for
periods of 30 seconds as as well as for the duration of the data recording period. The 30-second averages
were plotted to provide a time history of test meteorology for visual inspection and comparison.

3 4.2 Data Reduction and Analysis

The two major factors complicating the analysis of atmospheric turbulence are the extreme range in
scale and the non-stationary character of the flow. Whereas; laboratory flows are limited in scale to theI= physical dimensions of the apparatus, atmospheric scales can extend to several km in the vertical and tens or
hundreds of km in the horizontal. As a resu!t, the statistics of the flow are very sensitive to the duration of the
sampling period. Worse yet, due to variations in terrain, diurnal variations in ground heating and changes in
the macroscopic weather system, atmospheric flows are generally non-stationary. (A stationary flow is one
whose statistics are invariant with time, therelore the statistics of a non-stationary flow are functions of time.)
This renders most statistical methods of analysis including correlations and spectra theoretically invalid.

I However, it is possible to transform a non-stationary signal into a stationary one by filtering out the
non-stationary components. This is th,9 purpose of "trend removal" (Bendat and Piersol, 1977, page 288).
Low frequency components with a period less than the period cf interest are approximated by a mean value
or linear trend and subtracted from the signal prior to analysis. In our analysis, the data were high-pass fillered
to limit the range of scales to those relevant to short-range dispersion. The data were subsequently low-pass
filtered to estimate the magnitude of the non-stationary components which were then removed.

I
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4.2.1 Means and Variances

Estimates of the means and variances of the meteorological data were computed as time averages over
the period of interest. According to ergodic theory, if the turbulence is homogeneous and stationary along a
given spatial coordinate, then such a time average is equal to the ensemble average encountered in
turbulence theory. The inhomogeneous and non-stationary nature of atmospheric turbulence, discussed
earlier in this report, implies that estimates derived from time averages may be substantially in error. The
importance of this issue is discussed and illustrated with several examples by Chatwin and Allen (1985). It
therefore seems worthwhile to examine the averages and the averaging process to discover the nature and
magnitude of the errors introduced.

Pasquill and Smith (1983) provide an extensive discussion of the effects of finite sampling and
averaging times. They state that since finite sampling times partially exclude slow variations and since
instrument response affects fast fluctuations (essentially averaging them over some short but finite period),
"the mean velocity is thus recognized as a purely arbitrary quantity..." Clearly, this is true not only for velocity
but for all time-varying quantities. For this reason, the 30-second averages (which have a statistical error of
18.25%) are provided only for qualitative visual reference purposes.

Figures 4.1 and 4.2 present the time traces of 30-second averaged wind speeds for a case of
near-neutral stability (TOO05) conducted under overcast skies in the late morning of April 4, 1985 and an
unstable case (TOO10) conducted under clear skies in the early afternoon of April 10, 1985. It is apparent
from these data that the turbulence intensity au/U for the near-neutral test is small (-10%) while it is much
greater for the unstable case (-50%). Figures 4.3 and 4.4 indicate that although the wind direction was very
steady for test T0005, it was highly variable during T001 0, which made the latter test very difficult to carry out.

The behavior of the vertical velocities may be inferred from the behavior of the vertical angle plotted in
Figures 4.5 and 4.6 for T0005 and T0010, respectively. (A positive angle corresponds to an upward
velocity.) These data reveal large differences in the intensity of the vertical velocity fluctuations. Clearly there
is much more vertical transport during the unstable test. It should be noted that the mean values of the
vertical angles indicated on Figures 4.5 and 4.6 are uncorrected. After correction for systematic errors due to
the fact that the bivanes were not mounted exactly parallel to the ground, the mean vertical velocities were
within the 99% confidence interval of zero.

Since estimates of the variance are of greater interest in predicting the diffusion of scalars in the
atmosphere, Pasquill and Smith's discussion focuses more quantitatively on them. They demonstrate that
the effect of finite sampling and averaging times is to apply low-pass and high-pass filters to the data. As the
neutral limit is approached, the peak of the spectra shifts toward higher frequencies and so more energy is at
frequencies greater than 0.5 Hz (the Nyquist frequency for a 1-second sampling interval). As conditions
become more unstable, the spectral peaks shift toward lower frequencies and thus more energy is at
frequencies lower than 0.0003 Hz (corresponding to a record length of one hour). A graph presented by
Olesen, et al. (1984) has been used to estimate these losses. The correction factors have been tabulated in
Table 4.1.

For the near-neutral case, the variances of the horizontal components shown in Figures 4.7 and 4.8
agree quite well with the model predictions while the model seems to slightly underpredict the vertical values
as shown in Figure 4.9. For the unstable case, the opposite is true: for the vertical component there is good
agreement between the model and data as Figure 4.12 indicates while the model slightly overpredicts the
horizoral values presented in Figures 4.10 and 4.11. The discrepancy in the horizontal components is most
likely due to the sensitivity of the model to the value of the inversion height zi. The inversion height was not
measured in these experiments but only crudely estimated. Another factor which should be borne in mind is
that these data reflect only one realization of the turbulence. The model is based on an ensemble of
realizations and cannot be expected to predict the outcome of an individual experiment exactly.
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I Table 4.1 Energy Losses Due to Limited Sampling (%)

I~Q
2m 4m 8m 16m 32m

High Frequency 11 8 6 5 3
Low Frequency 1 1 2 3 4
Total Lost 12 9 8 8 7

High Frequency 16 8 6 5 4
Low Frequency 0 1 2 3 -3Total Lost 1 6 9 8 8 7

JIWComgonen t
High Frequency - 29 29 20 15
Low Frequency - 0 0 0 0
Total Lost 29 29 20 15

2m 4m 8m 16m 32m

High Frequency 2 2 2 2 23
Low Frequency 5 5 5 5 5
Total Lost 7 7 7 7 7

High Frequency 1 1 1 1 1
Low Frequency 9 9 9 9 9
Total Lost 10 10 10 10 10

High Frequency - 10 5 5 4
Low Frequency - 1 3 2 3
Total Lost 11 8 7 7

4.2.2 Scaling Parameters

Atmospheric turbulence is generated by mechanical forces (momentum flax or shear) and convective
forces (heat flux). The friction velocity u. is a measure of the shear stress -r at the surface:

U. = -/p = U'W (4.1)

where p is the air density, and the kinematic heat flux Q describes the convection:

H = T'w' (4.2)

p Cp

and H is the sensible heat flux at the surface: H = - k dT/dz, where k is the thermal conductivity of the air and
dT/dz is the temperature gradient at the surface. Thus a negative temperature gradient at the surface implies
a positive heat flux; that is, heat is moving upward, away from the warmer surface. The Monin-Obukhov
length L is a measure of the relative contributions of shear and convection to the turbulent energy:
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(4.3)WT
where g Is the acceleration due to gravity and T is the average (absolute) temperature in the surface layer. L
Is defined so that it has the same sign as the temperature gradient at the surface. That is, if the temperature
gradient is positive (the surface is cooler than the overlaying fluid) then L > 0 and the fluid is stably stratified.
If, on the other hand, the gradient Is negative (the surface is warmer than the overlaying fluid) then L < 0 and
the fluid is unstably stratified, At heights less than L shear is the dominant mechanism for the production of

turbulent energy; above this height convection dominates. On windy, overcast days there is very little solar
heat flux: as 101 -* 0, ILI -- and shear dominates the entire boundary layer. Conversely, during calm, sunny
days there Is a strong positive heat flux: as 0 -4 oa, -L -+ 0 and shear is confined to a very shallow layer near the
3wrface while convection (evident by the presence of updrafts and downdrafts) dominates. Thus knowlege
of these scaling parameters Is necessary for determining the state of the planetary boundary layer turbulencewhich, In turn, is responsible for the transport and dispersion of airborne material such as smoke. A detailed
discussion of turbulence scaling In the planetary boundary layer is provided by Tennekes (1982).

The friction velocity, u., the Monin-Obukhov length, L, and the temperature scales 6, and o were
determined at 5-minute intervals from running 10-minute averages of the wind speed and temperature
profiles by fitting the following scaling relations to the profiles:I izdUU. dz m(/L) (4.4)

Iz dT (_ . h (z/L) (4.5)
eo dz Oh

3 Here K is Von Kdrmdn's constant, U and T are mean wind speed and temperature and *m and 0h are the
ostensibly universal functions for momentum and heat flux, respectively, which have been empirically
determine J by Businger, et al. (1971), Dyer and Hicks (1970) and Hansen (1980).

I This method, suggested by Nieuwstadt (1977), minimizes the combined mean square error in fitting the
velocity and temparature profiles simultaneously. An estimate of the roughness height zo is required to fit the
data to the profiles in this way. A value of zo - 0.02 m was found to yield the best fit for all cases. This agrees
with Biltoft's (1982) findings that 0.02 -e zo !5 0.04 and with Waidron's (1977) average value of zo - 0.039 for
the same gener31 area.

I Igures 4.13 and 4.14 show 10-minute averaged wind speed data for a case of near-neutral stability
(T0005) and an unstable case (T0010) along with profiles fitted to the data using the relationships due to
Businger et at. Profiles of the potential temperature and the fits for the same trials are given in Figure, 4.15
and 4.16, respectively. It is apparent from these figures that the data are well represented by the Businger
forms. In fact all three forms for the profiles (Businger et al., Dyer and Hicks as well as Hansen) fit the data well.
This Is not surpraing since in this stability range all three forms were very similar. (Hansen's formulation Is
identical to Dyer and Hicks' for L<O.) Because of this agreement, the values for u., L. @. and 00 derived from
fittin,' the profile data to these forms are believed to be accurate. Additionally, all comparisons betNeen the
data and the Hejstrup model requiring the Monin-Obukhov length as a parameter were in good agreement.
In all cases the stability class determined from the computed value of L usirg the work of Golder (1972) was in
agreement with the Pasquill stability classification provided by Dugway Proving Grour I meteorologists.

Means and standard deviations of the wind speed, horizontal and vertical wind angles as well as the
vertical and transverse velocity were computed over the period of each test and nterpolated to thel0-m
level. These data are tabulated in Table 4 2. Also tabulated are values of the Obukhov length, Pasquill
stability class, friction velocity, exponent o the power law fit of the wind profile, ambient temperature,
temperature lapse rate and relative humidity.

81I



E5 E E EEE

0 0 0 0 0 0VI c lIrD C -)C

I C

I \<0

IC)L

I I--

C~j 14

* 82



IxjE .E E .E E~.

0) 0n 0l) UD ) 0 ) 0

U~ 0 0( 00 MA(I

U co I

Il' -- _ - -- - ...

I ~---------zz-~-- .....

Ie

* <1

83



IL

CYC

El 001a

00

*~ -L?)

* 0)

84.



I LC

I 2

.2

--- --- - -

-. _ _ ._ ..- - .

* -=

00

( D-4--4

nL r- c .c c . .

u 0)0 )0)000

Ii~ C T) C C -
0

II
- 0 .- 0c c r-

I Z

J "cD8 05

* 85



I C 0C

Z *,~ N- *c5 0u v C !4 )

0n 40 o
cc N- cc l

*i 0

o.- w - 00
c6 LO W2i

4 4

El
* CD (pc 0 lcy0 v UI ")C

0 v 6,m ., . 0 j

C) W 0 ol 8 CY d
00*O

2,

Mc( coNlC (

!2 M c

C 412

g0 g0 0 eC
crilar 1 2.4

86



4.2.3 Power Spectra and Auto-Correlations

3 Estimates of the single-sided power spectra S(n) of the wind speed, direction and inclination were
computed using the Fast Fourier Transform (FFT) as implemented by Rabiner (1979). The data record was
first divided into overlapping segments of 512 points (for ", data from the West Vertical Grid tower, sampled
at 1-second intervals) or 128 points (for the data collected from the Horizontal Grid tower, sampled at
5-second intervals.) This was done to accommodate the requirement of the FFT routine that the length of
the input data record be a power of 2 while maintaining a segment length near 10 minutes: (512 points) x (1 s)
- 512 s or 8.5 min; (128 points) x (5 s) - 640 s or 10.7 min. The 10-minute segment length was selected to
limit the range of scales to those relevant to the problem under study as well as to reduce the non-stationarity
of the wind statistics. Values for the mean and variance are then computed for each segment and-the mean
subtracted from the data comprising that segment. Pasquill and Smith show that overlapping the data
segments in this manner reduces aliasing and the accompanying di-.tortion of the high-frequency end of the
spectrum thus providing a better estimate of the spectrum and the variance in the frequencv ranae of

A Hanning weighting function was applied to each segment prior to the Fast Fourier Transformation in
order to reduce "leakage" from one spectral band Into adjoining bands. The ensemble average of the FFT of
these segments provides a raw estimate of the power spectrum. This estimate is inverse transformed to yield
the estimate of the auto-correlation. The resulting auto-correlation is normalized by its value at zero lag time
to conform with the required physical limit that the correlation must be unity at zero lag. rhe raw spectral
estimate is then normalized by the ensemble average of the segment variances. The ensemble average of
the segment variances is used in order to account for the filtering effects of limiting the sample size.

The resulting estimate is subsequently smoothed in the frequency domain. Smoothing is
accomplished by averaging over a frequency range 4n centered on the frequency of interest. The range 4n
varies with frequency such that an/n remains approximately constant. Bendat and Piersol have shown that
frequency smoothing is essential to reduce the substantial random error and to make the estimate

consistent, that is, to make the estimate convergent in the limit of an infinite sampling period. A more detailed
discussion of the errors ocurring in estimates of power spectra and quantities derived from power spectra
such as correlations and integral scales is presented in Appendix a.

A check on the accuracy of the FFT was provided by comparing the ensemble averaged 10-minute
variance with the value of the auto-correlation at zero lag and with the integral of the power spectrum. In most
cases these agreed to within 2% and in no case did they differ by more than 10%. It was in the most unstable
cases that the 10-minute variance differed more than 2% with R(0) and the integral of the auto-correlation.
This is a direct consequence of the deviation of the turbulence from its assumed stationarity.

The 10-minute variance ranged from 90% of the 1-hour variance in the near-neutral cases down to 50%
of the 1-hour variance in the most unstable case. This is due to the high-pass filtering effect of limiting the
record length to 10 minutes. This increases the low frequency limit by a factor of 10 from 0.0003 Hz to 0.003
Hz. Of course, this has its greatest effect on the unstable cases for which the energy containing range of the3" spectrum is at much lower frequencies than for near-neutral cases.

Comparison of the spectra of wind speed and direction for unstable (class B) and near-neutral (class D)
tests reveal that in the frequency range of the data, the unstable cases followed the inertial subrange scaling
(-2/3 slope) reasbnably well while the near-neutral cases did not. (Compare Figures 4.17 and 4.18.) The

explanation for this is provided by Hoisrup who argues that the spectrum results from the superposition of a

buoyancy-produced, stability-dependent spectrum and a shear-produced spectrum which is independent of
stability. For unstable atmospheric conditions, the buoyancy-produced spectrum dominates and the inertialI= subrange covers much of the frequency range of the data, whereas the shear-produced spectrum is equally
important for the near-neutral tests and so the data do not exhibit inertial subrange behavior. For a thorough5 discussion of the spectral dynamics of turbulence, see Tennekes and Lumley (1972).
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In order to investigate this stability dependence further, as well as to check on the quality of our data,
selected tests representing the most unstable and most nearly neutral conditions were compared with
Hojstrup's model spectra. An important parameter in the model, the height of the lowest inversion, zi was not
measured during our tests. Based on the data provided by Waldron and summarized in Table 4.3, zi was
estimated to be 2000 m for the near-neutral case and 1500 m for the unstable case.

Table 4.3 Estimated Inversion Height

Date Time Stability L (m) Estimated
Class zi (m )

2/25/77 9:00 D -71 290
2/25/77 12:00 D -27 1200
2/25/77 15:00 D -32 1867
2/28/77 11:00 D -12 529
2/28/77 14:00 D -27 600
3/1/77 11:00 D - 9
3/11/77 14:00 C -5 518
3/2/77 11:00 D -36 695
3/2/77 14:00 D -333 91',

3/8177 12:00 C -3 287
3/8/77 14:00 B -9 1227
3/14/77 12:00 C -11 758
3/14/77 14:00 B -5 1372
3/30/77 12:00 A -1 1278

Figures 4.19 and 4.20 compare the normalized wind speed spectra derived from the data from tests
T0005 and T0010 with the model u-spectra for La -200 and -2.2: these spectra have been corrected for the
effects of the cup anemometer response. TO0S was conducted on the morning of April 4 with wind speeds
aboit 10 m/s. T0010 took place on the afternoon of April 10 under low wind speed conditions (- 2 m/s). The
error analysis presented in Appendix B indicates that the rms error in the unsmoothed power spectral density
estimates is roughly 30%. Frequency smoothing reduces this error, more for higher frequencies than lower
frequencies since the averaging "width" is chosen to maintain An/n approximately constant. Frequency
smoothing, however, has the disadvantage of reducing the resolution of the spectrum estimate. With this in
mind, the wind speed spectra computed from the data may be judged to agree well, both qualitatively and
quantitatively, with the model u-spectra.

As Figures 4.21 and 4.22 indicate, the 6-spectra show good qualitative agreement with the model
v-spectra, each having roughly the same shape. Quantitatively, the 9-spectra appear to be somewhat low-
This is partially due to real differences between tho 0-spectra and the v-spectra and partially due to the
substantial rms error in the estimate. Recall also that the 0-spectra result from only one realization of the
turbulence and that some deviation forn the model must be accepted.

This explanation gains credibility from a comparison of the O-spectra with the model w-spectra given in
Figures 4.23 and 4.24. Here again good qualitative agreement exists for the most part with quantitative
disagreement at low frequencies in the near-neutral case and at high frequencies in the unstable case.
These deviations do not show any apparent relationship to those of the 0-spectra. For the most part, the3 spectra computed from the data agree with the model spectra
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As previously discussed, the auto-correlations were computed as the inverse FFT of the spectra. The
Hejstrup model does not directly predict auto-correlations and so no direct comparisons between computed
and model correlations were performed.

Comparisons of the measured correlations and those derived under similar atmospheric conditions over
similar terrain have been undertaken. Teunissen (1980) measured the three components of velocity at a
height of 11 m from five towers in a neutrally stable atmosphere over "typical rural terrain" with a roughness
length of "a few centimeters." His results appear very similar to those presented in Figures 4.25 through
4.27 which represent, respectively, the auto-correlations of the wind speed, direction and inclination under
nearly neutral conditions. The correlations appear to be exponential In shape with some oscillation about

= zero. Moore, et af. (1985) computed auto-correlations from vertical velocity data gathered for the Electric
Power Research Institute's Plume Model Validation study at Kincaid, Illinois. They reported that under
unstable conditions the spectrum "exhibits a generally exponential shape with a tail which oscillates near
zero." This also agrees with our results. Figures 4.28 through 4.30 present the auto-correlations for
unstable conditions. They appear to be very similar in shape to those of the neutral case with the exception
that the integral time scale is greater.

4.2.4 Integral Scales

Integral time scales may be computed from the value of the integral of the auto-correlation or from the
value of the power spectrum at zero frequency. However, since much of the energy in atmospheric flows is
at low frequencies, both of these values are extremely sensitive to the manner in which the high frequency
and low frequency components are separated (i.e., the duration of the sampling period and the period over
which the mean is computed). As a result, the integral scales may be greatly in error. In fact, Panofsky and
Dutton (1984) recommend against using integral scales for this reason.

Hanna (1981) has suggested two alternative methods of determining the integral scales. Both of these
methods require the assumption that the auto-correlation is an exponential function, R(t) = av 2 exp(-t/TL)
where TL is the Lagrangian integral time scale. Neumann (1978) and Tennekes (1979) argue that this is a

valid and reasonable assumption. They show that expressions for the mean square lateral dispersion of
infinitesimal particles from a point source in stationary, homogeneous turbulence obtained assuming an
exponential form for the auto-correlation are consistent both with theoretical and experimental results.

The power spectrum corresponding to the exponential correlation is of the form 1/(1+(02 T2), where a) is
angular frequency 2nin; this form exhibits the correct inertial subrange behavior (oc w-2 for r" .. 1). At small
time intervals, the exponential correlation can be approximated by a linear function of the time difference.
This behavior is in agreement with the expression for the Lagrangian structure function D(t) = 2ov2 - R(t) in
the inertial subrange. One disadvantage of the exponential correlation function is that its slope is infinite at
the origin, which limits its application to largo Reynolds number flows such as are found in the atmosphere.

The first method is based on the relationship between the frequency at which the maximum of the
frequency-weighted spectrum, nS(n) occurs and the integral scale, namely - 1/(2 nnmax). The derivation of
this relationship is presented in Appendix C. The second method is to find t for which R(t) - R(0)e "1 and use
this value for T. Ha"'na found agreement (±10%) between these methods for both Eulerian data collected
from a tower and Lagrangian data collected from pilot balloons and tetroons. Teunissen (1980) and Moore,
Liu and Shi (198Sf have also computed integral scales using these methods in addition to a straightforward
integration of the auto-correlation. Their results are similar to Hanna's. In the present study, integral scales
have been computed by integrating the auto-correlation and by both of the methods just described.

In Figures 4.31-4.36 the results of these different methods are presented for tests T0005 and T0010
which represent the most nearly neutral and most unstable cases. For the purpose of comparison, theI near-neutral and unstable limiting forms of the Hojstrup model predicl;ons for the integral times are also
plotted. The results are in fair qualitative agreement with the mode: predictions, although the comparison is3- sensitive to the value chosen for zi. The near-neutral case (-z/L=O) shows the correct trend of increasing
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integral time with height while clearly the quantitative agreement is only fair. Integral scales for an unstable
case (-zViL - -,) similarly display the correct trend: a small increase with height; however quantitative
agreement is again only fair. This is probably due In large pan to the estimated value of the inversion height as
well as to the large variability in the measured scales due to the substantial rms error in the estimates of the
power spectra. The rms error In the estimate of the spectra results in auto-correlations with similar error. This
means that integral scales computed by direct integration of the auto-correlation wI be subject '¢ large
errors.

Accurately determining the frequency at which the peak of the spectrum occurs is also difficult. If the
maximum is determined prior to frequency smoothing then the substantial rms error can lead to a false peak
being selected. If, on the other hand, the maximum is identified after smoothing, then the resolution is
-degraded sufficiently to lead to an incorrect positioning of the peak. This Is most serious when the peak is at
low frequencies which is the case for the horizontal components and for the vertical component in unstable

I conditions.

The most successful method should be the one whereby rE is chosen as the time at which the
correlation falls to e"1 of its initial value. This is due to the fact that the small lag times correspond to high

i_ frequencies. The higher frequencies benefit most from frequency smoothing and are less subject to the
effects of non-stationarity. This is borne out by the figures. Table 4.4 presents a comparison of integral
length scales from the present study with those reported by Teunissen. The length scales were computed
from time scales by using Taylor's frozen field hypothesis.

Table 4.4 Average Integral Length Scales, m (after Teunissen)

Present Teunissen Flay
Results (1980) (1978)

Method Component z0=2 cm zo=3 cm z,_3 cm

Direct U 240 130 144
Integration V 279 52 66
of R(t) W 30 18 19

Location U 140 62 83
of Spectral V 218 11 15
Maximum W 4 5 6

Exponential U 97 124 97
Decay of V 146 39 51
R(t) W 16 11 19

Teunissen's data indicate that direct integration of the auto-correlation produces the largest estimate of
the integral scale, His results furlher show that fitting the data to a spectral model in order to determine the
frequency at which the peak occurs yields the smallest value for the integral scale. Our results indicate that
indeed the largest estimate is produced by direct integration. We did not fit the computed power spectrum to
a model, but rather used the frequency at which the data spectrum reached a maximum to estimate the
integral scale. The relatively poor resolution of our spectral estimate at low frequencies resulted In overly
large estimates of the integral scale in the horizontal directions. Integral scales determined as the point at
which the auto-correlation fell to e- 1 of its initial value gave results which agreed reasonably well with
Teunissen's in the along-wind and vertical directions. For all three methods, the cross-wind estimate is
greater than the along-wind estimate which is in disagreement with Teunissen. This bears out Panofsky and
Dudon's admonition concerning the extreme difficulty of accurately determining integral scales.
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5.0 SUMMARY AND CONCLUSIONS
This section summarizes the results of field studies of the dispersion of military smokes conducted at

Dugway Proving Ground In March and April, 1965. In this study, one of two candidate M3A3E3 military fog-oil
smoke generators was operated for a period of roughly an hour and the resulting plume measured at
downwind distances of 25 to 800 m from the source. A total of eleven runs were made using both
generators although only the last three were sufficiently successful to be useful for modeling purposes.

The plume was characterized in terms of the average concentration over the period of operation, the3particle size distribution of the smoke, the rate of deposition of fog-oil smoke on horizontal and vertical
surfaces exposed to the smoke and the chemical composition of the smoke as determined by low resolution
gas chromatography. Average concentration was determined by collecting smoke material in an
adsorbent-filled tube aspirated by a battery-powered unit at 1 - 2 liters per minute (.Cpm). The collected mass
was subsequently determined by thermally desorbing the sample and analyzing the vapor by low resolution
gas chromatography. The time-averaged concentration was then calculated as the total mass collected
divided by the product of the release time and the measured aspiration rate. The particle size distribution was
measured using seven-stage cascade impactors of the Mercer design with the mass collected on each stage
also determined by gas chromatography. Deposition was measured using dry, chemically Inert glass-fiber
filter papers as surrogate surface collectors. Both horizontal and vertical orientations of the deposition3 surfaces were investigated.

Source characteristics were documented in terms of the mass rate of fog-oil smoke release, the exit
temperature of the generator exhaust, the exit velocity of the generator exhaust and the chemical
composition of the raw oil and of the fog-oil smoke just after formation.

Meteorological data were acquired using two 32-m Instrument towers with sensors positioned at the 2,
4, 8, 16 and 32-m levels. Wind speed, horizontal wind angle and temperature were measured at all levels and
vertical wind angle was measured at the four highest levels. The resulting mean vertical wind speed and
temperature profiles were analyzed to obtain Monin-Obukhov length and friction velocity. Thetime-dependent data were also analyzed to obtain power spectra and integral time scales.

Detailed presentations and discussions of the source, meteorological and sampling data are given in the
preceding sections of this report. The major findings and results are summarized below.

Some difficulty with the operation of the prototype M3A3E3 fog-oil smoke generators was
encountered. The rubber air hoses used on the generator failed on several occasions due to embrittlement
and melting caused by their close proximity to the hot outer shell of the pulsed jet engine. Also, the gasoline
engine used on the M3A3E3 operated poorly at the higher altitude of Dugway Proving Ground. Other
difficulties encountered in operating the generators include failure of the seals on the fog oil pump and on3 the air compressor.

Source data were acquired for nine of the eleven tests. Only average values are available for the last two
tests because the cassette recorder used to acquire the time-dependent source data failed due to the
excessive dust and vibration associated with field operation at Dugway Proving Ground. The source data
reveal that the release rate varies over a wide range even for ostensibly similar operating conditions. The exit
temperature was found to follow the expected pattern of increasing as the flow rate of fog oil decreased and
decreasing as the flow rate of fog oil increased. Thus, the exit temperature exhibited changes directly
opposite to those shown by the release rate, varying from about 300 OC to about 550 °C. In one case, the exit
temperature was observed to increase rapidly even though the release rate remained constant. This
behavior was attributed to the failure of an air line and thus a sharp drop in air flow rate through the pulsed jet
engine. The release rate varied from 18 to 43 g/s over the full set of eleven trials with an average value of
about 30 g/s. In no case did the release rate reach the value of 45 g/s stated In the specifications for the

* generator.
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The exit velocity of the generators varied only slightly over the course of the tests with a mean value of
about 78 m/s. Also, samples of the raw oil and of the fog-oil smoke taken just after formation showed identical
chemical compositions using low resolution gas chromatography. The source data provide a valuable insight
into the operation of a fog oil generator, illustrating firstly that mass release rate can vary significantly with time
and secondly that nominal release rates are poor estimates of actual release rates.

The meteorological data reveal that both the "mean" and "turbulent" components of the wind and
temperature fields change over the course of an hour test period, especially in light of the transitional
conditions characteristic of most of the tests. Using ten-minute averaging times to treat the non-stationarity
of the atmospheric conditions gave vertical profiles of wind speed and potential temperature that are well
represented by the forms of Businger et al., Dyer and Hicks, and Hansen. The values of friction velocity and
Monin-Obukhov length computed by fitting the profile data to these forms are consistent with their Pasquill
stability classification. The meteorological data have also been shown to be in close agreement with an
accepted model of atmospheric turbulence. Since the model is based on the data from the Minnesota and
Kansas boundary layer experiments, carried out for flat terrain, the data from the present study are thus
shown indirectly to agree with those experiments. This fact, coupled with the overall internal consistency of
the data themselves, provides confidence in the accuracy of the measurements.

The measurements made of the smoke plume provide an internally consistent picture of plume
behavior, although several significant operational difficulties were encountered. As a result, useful data were
acquired only during the last three tests. Three factors, in combination, led to this suboptimal performance.
First, our original sampling network provided insufficient spatial resolution. This was remedied by changing
the layout of the sampling network to a denser, more compact design. However, eight of our eleven tests
were conducted before this change was identified and implemented. All three tests carried out on the "high
resolution network" were successful.

Secondly, the performance and reliability of the aspiration units supplied by Dugway (B/C samplers) was
less than we had expected. The low flow rate of the B/C sampler (1.5 liters per minute) both limited the
amount of smoke material collected and raised the issue of aerodynamic sampler efficiency (isokinesis).

Finally, contamination of the adsorbent-filled sampling tubes caused their detection threshold to be
much higher than anticipated. This severely limited the range of our concentration measurements to about
200 m down wind of the release point. Beyond 200 m, the fog oil concentration was below the detection
threshold and thus on the same order as the sampler noise level.

Although the adsorbent-filled sampler performed well in laboratory tests, the combination of high
detection threshold levels and low aspiration rates in the field yielded fewer successful tests than was hoped.
On the other hand, we fully expected to uncover problems in a full scale field study which could not be
foreseen from the isolated evaluation of the individual components in the laboratory. Considering the results
of the field tests in aggregate, the sampler data do provide valuable information about the smoke plume.

The concentration data collected during this study are shown to be in good qualitative and quantitative
agreement with a simple gaussian plume model as well as with data collected during the Project Prairie Grass
and Project CONDORS field studies of atmospheric dispersion. Our data indicate that fog-oil smoke
deposition is negligible, at least at distances greater than 25 m from the smoke generator. Particle size
measurements carried out during the study show the fog-oil smoke to have a log-normal distribution with a
mass mean diameter of 1.0 microns and a mass median diameter of 0.74 microns. These findings are in

agreement with particle size measurements carried out in laboratory tests of fog-oil smoke by the lIT Research
Institute.

No significant vapor fraction in excess of the background levels was detected; this finding was
confirmed in laboratory tests. Thus fog-oil smoke is shown to exist 99% in the droplet phase. This result
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contrasts with studies of diesel oil which indicate that a significant traction of that smoke exists in vapor form.
This difference perhaps explains, in part, why fog oil is widely regarded as a far superior obscurant.

Since our tests showed that the fog-oil smoke exists almost exclusively in the droplet phase, or at least,
that the level of vapor phase is below the general background level of similar hydrocarbon vapors even in
areas of high smoke concentration, this detection threshold can be lowered by using a filter sampler which
passes the vapor phase and collects only droplets and particulates larger than say 0.1 microns. Had we
chosen to ignore the vapor phase and instead sample only the droplet phase, the threshold of detection
would have been much lower, and it is probable that many more statistically significant values would have
been obtained.

Finally, we observed that the composition of the fog-oil smoke appeared to be the same as that of the3 raw oil, as determined by low-resolution gas chromatography.

RECOMMENDATIONS

Based on the results of this initial field test of the dispersion of fog-oil smoke in flat terrain, we make thefollowing recommendations for improving the methodology and procedures of future field studies.

(1) Future tests should focus on near-dawn (stable atmospheric) conditions during which the smoke
plume remains close to the ground and extends to far downwind distances. Transitional and
unstable meteorological conditions not only present major difficulties to execution of the field
tests, but also produce uncharacteristically low exposure levels.

(2) A vertical array of samplers extending to a height of about 8 m should be used in place of the
single sampler at 1.5 m. This modification will provide additional information on the vertical
distribution of the smoke cloud wlich is extremely valuable for model testing and improvement.

(3) The maximum possible aspiration rate should be increased to at least 20 liters per minute. Thiswill increase the amount of material collected thus improving the signal-to-noise ratio of the
sampling method and extending the distance to which measurements are possible. An
increased flow rate can be accomplished using an air-pump/generator combination.

3 (4) Filter samplers which collect only the droplet phase of the smoke should be used for fog oil; the
observation that fog-oil smoke exists almost exclusively In the droplet phase should continue to
be studied at selected locations using filter samplers in combination with adsorbent-filled or
liquid-filled collectors. The combined effect of items 1 - 4 should greatly increase the number of
statistically significant dosage levels measured and allow many more data sets to be obtained.

(5) The findings of the current study concerning changes in the composition of the fog oil materialas it passes through the generator and as it is dispersed in the atmosphere should be tested
under different atmospheric conditions.

3 (6) The effect of multiple generators should be studied in any future tests involving unstable
atmospheric conditions. A large-scale smoke screen can oramatically reduce ground heating.
thereby changing the local meteorological conditions and, in turn, the smoke plume itself.

(7) A real-time detection method for the smoke should be added to provide time-dependent data to
supplement the dosage levels measured using the aspirated samplers. This information not only
is valuable for model testing and improvement but also documents the ratio of the maximum
exposure to the average exposure, a parameter of interest in toxicology studies. Developing a
successful real-time detection method is a significant undertaking and will involve an effort similari to that required to develop a technique for measuring mean concentrations.
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(8) Use of the pertluorocarbon tracers should be discontinued and development of methods for
their collection and analysis should be abandoned. Successful implementation of the tracer
scheme would require additional, parallel sampling and analysis equipment and essentially
double the logistical and operational effort involved in carrying out a test. This effort would be
more valuably directed toward the development of a real-time smoke detection method, as
outlined In item (7) above.
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APPENDIX A
THE DYNAMIC RESPONSE OF METEOROLOGICAL INSTRUMENTS

The dynamic response of the wind instruments was based on the analysis of Mason and Moses (1984).
The cup anemometer was modeled as a first order system parameterized by the distance constant. The gain
is given by

7 r1Gain = jT~ ' =L/U (A.1)

where o) ,2xn is the angular frequency, L is the distance constant and U is the mean wind speed.

The bivanes and direction vanes were modeled as a second order system parameterized by the natural
wavelongth and the damping coefficient. Their gain is given by

Gain 1 2 con = 2nur n  (A.2)

I+-2 ( ) (za)

where Xn is the natural wavelength and is the damping coefficient. The values of these parameters are
given in Table A.1.

Table A.1. Instrument Parameters

Parameter Direction Bivane Cup
Vane Anemometer

Threshold, ms 0.33 0.33 0.27
Damping Ratio 0.4 0.55
Natural Wavelength, m 4.1 4.8
Distance Constant, m 1.52

In order to assess the impact of the instrument response on the data, one must consider the frequency
range over which the data are expected to be valid. The upper bound must be the Nyquist or folding
frequency, defined as nN - 1/(2At) where at is the sampling interval in seconds. Data collected from the tower
on West Vertical Grid was sampled at 1 -second intervals giving It a Nyquist frequency of 0.5 Hz. The data
collected from the tower on Horizontal Grid were sampled at 5-secor'd intervals making its Nyquist frequency
0.1 Hz. The lower bound is determined by the duration of the sampling period, normally about one hour.
Thus the lowest frequency is about 3x10-4 Hz.

Figure A.1 illustrates the behavior of the gain function for the cup anemometers over the frequency
range of interest for mean wind speeds of 2, 4 and 8 m/s. It Is apparent that at low wind speeds the high
frequency response of the cups is quite poor. This would lead to a low estimate of the power spectra at
higher frequencies, especially in the data from the West Vertical Grid tower which had a Nyquist frequency of
0.5 Hz versus 0.1 Hz for the data from the Horizontal Grid tower. This effect is demonstrated in Figure A.2
where the wind speed spectra for a low wind speed test conducted on April 10 reveals a marked deviation
from the expected -2/3 slope at a frequency of 0.1 Hz. However, as Figure A.3 Indicates, this problem only
occurs for extremely low wind speeds: spectra from the test on April 2, which had slightly higher wind
speeds, showed no deviation from the inertial subrange behavior. Therefore, since this attenuation occurs
only at high frequencies having relatively little energy and only for low wind speed conditions, only those
spectra used for comparison with the Hijstnp model spectra were corrected. No general correction was
applied to the wind speed data.
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As Figure A.4 indicates, the response of the blvanes is essentially flat until beyond the Nyquist
frequencies of both sets of data. The response of the direction vanes, shown in Figure A.5, is not quite as
good as the bivanes, having a hump at high frequency. However, as it is almost beyond the Nyquist
frequencies for even low wind conditions, no correction was applied.

In order to assess the effects of the response of the various instruments on the estimates of the
variances of the three components of velocity, the measured spectra for tests T0005 and T0010 were
corrected for the instrument gain and integrated to yield the variance. In no case did the corrected variances
differ from the raw variances by more than 1%.

The response time of the temperature instruments is not as critical as that of the wind sensors since the
temperature measurements have only been used to compute u,, L, eo and e. over ten-minute averages. For
completeness however, it should be noted that the time constant of the thermocouples (24-gauge wire) is
less than 1 s while the thermistors have a time constant of about 10 s and the stem-sensitive RTD's time
constant is about 1 min.
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APPENDIX B.
ERRORS IN POWER SPECTRAL DENSITY ESTIMATES

Since the estimates of meteorological quantities such as variances, correlations, Integral scales, peak
wavelengths and others are directly or indirectly related to estimates of the power spectral density (PSD), it is
appropriate to consider the nature and magnitude of the errors arising in the PSD estimation process. We
begin with an expression for the normalized mean square error E2 of a PSO estimate S)(n) given by Bendat
and Piersol (1977)

. E Sx(n) - Sx(n))] S " B:
2 _B1 BeT 5 S () (B.)

S (n) x

where E[(x)] represents the expected value of f(x), B. - an, the "resolution bandwidth" of the estimate, T is
the length of the data record and Sx" refers to the second derivative of Sx with respect to n. For N samples of
the signal x(t) at intervals At, T a NAt.

The mean square error is the sum of two terms: the random or standard error which is a measure of the
precision of the estimate, and the bias error which indicates the accuracy of the estimate. The first term in
(B.1) represents the random error

2 Var x (n)] (B.2)iR 2 = (
i Sx(n) -

3 If the PSD estimate is determined with the Fast Fourier Transform (FFT) over the entire data record length T
then B. = l/T, in which case

2 T
ER = T = 1 (B.3)

Not only is the random error of the same magnitude as the signal, but it is independent of the length of the
data record. Thus, this precedure yields an estimate of the PSD which is not consistent. A consistent
estimate is one for which the true value is approached in the limit of an infinite record length:

I lira S(n)=a Sx(n )  (B.4)

If, however, the data record is subdivided into segments of length T. and the spectral density estimates
computed over each segment are ensemble averaged, then Be - 1/T, and

2 T1
ER =- (B.5)I Ne

where Nseg = T/Te is the number of data segments. This expression demonstrates that the random error
decreases as (Nseg) 112 . Clearly, ensemble averaging is essential in order to obtain a consistent estimate of
the PSD.
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The second term in (B.1), derived from a Taylor series expansion, provides an approximate estimate for

the bias error

E [AS~V ))2 42 2
2 E [k x' (n)- S x(n) B. 1S(n) ( 
B S (n) 576tSxn) 576T4 Sx(n) (

where the last term results from the substitution of I/T. for B.. Here we see that the bias error is dependent
on the shape of the spectrum as well as on the length of the data segments. Estimates of spectra that
contain sharp peaks will exhibit a large bias in the neighborhood of the peaks. "Smooth" portions of the
spectrum, for which the second derivative is small, will exhibit much less bias. In order to demonstrate this
shape dependence, we assume that the auto- correlation has an exponential form

Rx(t) a e* It I/T (B.7)

where t is the integral scale. The single-sided power spectrum is then given by

e-i2ntt 1 -'tl(h + j2irn)d

Sx(n) = 2J Rxt)e dt = 2 e T  dt

1 + j2ttnt - 1 + (2im:)2  (B.8)

and differentiating gives

d2Sx(n) R=( t 2 dt 2 I 2
= 2 2,J (2t)2 Rx(t) G2 dt 3 (B.9)

dn (1 +j2nr)
Thus

S'x(n) -8 22(1. (2Tnl2)2) 2x = 1- 2 n )8 2 ( )( B .1 )
S x(n) 1 + (27rnr)2) 2

where

2
z2IH(z) = 2 (Bli)

1 + z2

and z 2rnT = WT. Substituting these results back into (B.1), the expression for the mean square error
becomes
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,- + 5 H(z)To (B.12)

Note the conflicting constraints on the segment length: T. .. T is desirable to reduce the random error but Te
- t is needed to reduce the bias of the estimate. In other words, the precision of the estimate is improved by
increasing the number of trials in the ensemble whereas the accuracy is improved by ensuring that the
longest wavelengths in the signal are not excluded from the estimate. To be more specific about these

-requirements we need to consider the function H(z) more carefully.- ....

H(z) takes on a maximum value of unity at z = 0 and then rapidly falls to a minimum value of zero at z - 1.
As Figure B-1 shows, H(z) does not exceed a value of 0.02 for z > 1. Thus for 0.8 !5 z < 00, E2 may beconservatively estimated by assuming H(z) - 0.02:

042 T
y + 0.22 T (B.13)

I If the length T of the data record is fixed, one may overlap the data segments in order to increase Nse.g
without decreasing T.. If the data segments overlap each other by a halt, then the number of segments is

[T -Te/2]

N " = Integer part of (B.14)

However, this still leads to an increase in the bias error since the "additional" data are not independent. This
can be seen by substituting T/Nseg for T. in (B.13)

E Nseg T4 (B. 15)

Overlapping data segments is analogous to smoothing in the frequency domain in that it serves to reduce
the random error at the expense of increasing the bias error.

The effect of varying the segment length T. on the random and bias errors is illustrated in Figure B-2
for a signal with T - 5000 and t - 32. Clearly, the bias error decreases as T. increases while the random error
grows in magnitude. Figure B-2 also compares the errors for contiguous and overlapped data segments.
The trade-off of increased bias for decreased random error is plainly evident. Thus, in order to minimize themean square error, the following two requirements must be satisfied simultaneously:

3 NW 1, to minimize R (B.16)

(Nee T)4 , T4, to minimize E B.

The effect of these requirements is to place a severe restriction on the maximum allowable integral time which
the signal may possess if it is to be analyzed within a given rms error and with a fixed record length. They also3 imply that given a fixed record length T, PSD estimates for signal with greater values of T are subject to
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I increasing error. This is illustrated for several values of c and for T - 5000 in Figure B-3. Here we see that the
minimum rms error increases from about 5% for ' = 4 at T. a 32 to 25% for'r - 128 and T. - 512.

Figures B-4,B and B-6 present estimates of the power spectrum and auto-correlation for 't - 4, 16

and 64 respectively. These estimates have been computed for 5000 values of a signal x using various
window lengths L (L a T.). (The term window length is encountered in the electrical engineering literature.)S The signal x was generated using

xi a PX 1 . j/1-p2 ri  (B.17)

where p - e- , At =1 and ri is a gaussian random variable with E[ri] - 0 and E[ri 2] - 1. The auto-correlation
was also computed directly from the data with

I N-'
I Rj N xxj;(= 0, 1, 2,... m) (B. 18)

where ns is the maximum lag.

Figure B-4a compares two estimates of the power spectrum with the analytical solution given by (B.8)
for t = 4. Both estimates appear to be close to the analytical result, but the estimate for L = 2048 has a much
larger random error. This is in keeping with the results presented in Figure B-3: for r = 4, the bias error is small
for L > 16 but the random error for L = 2048 is almost 60% whereas for L = 64 it is only about 5%. Integral
scales derived from the peak wavelength should be reasonably accurate since the peak of the estimate is
close to the true peak. Figure B-4b presents the auto-correlations computed by taking the inverse FFT of
the two spectral estimates in Figure B-4a as well as the auto-correlation computed directly from the data. The
analytical solution, the exponential function, is also presented for the purpose of comparison. For short lag
times the estimates are reasonably close to exponential in form although for longer times none are
satisfactory. This implies that integral scales computed by a direct integration of the auto-correlation will
probably not be as accurate as values chosen as the lag for which the correlation falls to e"1 .

Figure B-5a shows spectra computed for L - 64, 256 and 2048 along with the analytical solution for T =
16. A decrease in bias error associated with an increase in window length is accompanied by an increase in
random error. It would be difficult to accurately estimate the peak wavelength with any of these PSD
estimates. As the window length decreases, the longest wavelength which may be resolved also decreases.
This is reflected in the auto-correlations presented in Figure B-5b; it is evident that as the window length
decreases, the auto-correlation falls to zero more rapidly than the exponential. As the window length
increases, the correlation estimate is derived from an increasingly noisly spectrum and hence is also noisier.
The result of the direct computation is shown to perform very poorly, especially at large lags. This is because
as the lag interval increases, the estimate is based on fewer realizations since the length of the data record is
fixed. As a result, it is not surprising that directly integrating any of these yields a poor estimate of the integral
scale. Neither is the method of looking at where the correlation falls to e- 1 expected to perform well for the
shorter window lengths.

Figures B-6a and B-6b present spectra and correlations for L - 64, 256 and 2048 for a signal with T
64. The complementary relationship of bias error and random error with window length discussed above are
seen to be more pronounced. The high-pass filtering effect of window length is demonstrated by the
correlations. The problem becomes more severe as the window length is decreased. Computation ofintegral scales from these estimates is impossible.

Table B-1 summarizes the results of four methods of computing integral time scales from power spectra

and correlation estimates. These methods include
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1. Direct integration of the auto-correlation estimate. The auto-correlation estimate may be
computed directly from the data or by an Inverse FFT of the power spectrum. The data in Table
B-1 were computed from an estimate of the auto-correlation determined by the latter method.

2. Peak of the frequency-weighted spectrum. If the auto-correlation is assumed to have an
exponential form, then the Integral scale may be computed via the expression r - 1/(2 nnmax)
where nmax is the peak of the frequency-weighted spectra nSx(n) given in Figures 4a, 5a and 6a.

3. The lag for which the correlation falls to a-'. The integral scale is arbitrarily chosen to equal the lag
time for which the auto-correlation falls to e"1 of its initial value. Implicit in this method is the
assumption of an exponential form for the auto-correlation.

4. Integration of the non-linear least-squares fit to the correlation. An exponential function is fit to
the correlation estimate and this estimate is integrated to compute the integral scale. This method
can be used to treat noisy or marginally-exponential correlations. Here it has been applied to
correlation estimated computed directly from the signal via (B.18).

These results underscore the severity of the requirements set forth in (B.16). When T is small and
Nseg large, as for the case when r - 4, all four methods perform fairly well. As t grows in magnitude or Nseg
decreases, the results are increasingly In error. When the conditions in (B.16) are violated, none of these
methods provide reliable estimates of the integral scale because the PSD estimates upon which they are
ultimately are substantially in error. This demonstrates that the determination of power spectral density
estimates must be performed with great care if they, and results derived from them, are to be valid.
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Table B-1. Integral Time Scales Computed by Various Methods for Several Window Lengths.

Window Integration t - t for which Integration
I Length (s) of R(t) r * 1/ (2nmmax) R(t) - e-1  of fit to R(t)

64 3.73 3.40 3.94 3.13
128 3.36 4.07 4.26 3.34
256 3.66 3.70 4.42 - 3.54-
512 7.17 3.70 4.83 3.84

1024 3.52 3.70 4.42 3.71
2048 1.79 3.70 4.98 3.80

1 = 8 sac

64 6.55 5.09 4.94 4.82
128 6.77 5.09 6.00 5.64
256 7.56 5.09 6.76 6.39
512 14.49 3.70 7.89 7.60

1024 7.34 3.70 6.97 7.13
2048 3.79 3.70 7.72 6.71

,r= 16 sec

64 9.93 5.09 4.87 6.56
128 12.75 10.19 7.90 9.02
256 14.98 20.37 10.41 11.70
512 28.60 16.30 14.08 15.00

1024 15.49 16.30 12.02 15.40
2048 8.28 9.05 12.61 14.33

I 64 12.23 10.19 2.15 7.63
128 20.64 20.37 9.00 13.55
256 26.97 20.37 15.12 20.33
512 52.15 16.30 26.05 29.52

1024 31.69 16.30 22.94 32.70
2048 17.55 17.16 21.88 26.59

T I 64 sec
64 12.71 10.19 0. 7.81

128 26.06 20.37 6.04 17.04
256 42.84 40.74 20.11 30.89
512 83.21 81.49 37.69 48.641024 62.43 54.32 43.43 61.38

2048 32.68 54.32 36.37 51.59

64 12.28 10.19 0. 7.66
128 26.55 20.37 0. 17.85
256 52.77 40.74 17.06 37.77
512 108.6 81.49 37.09 66.20

1024 120.50 162.97 79.82 101.90
2048 41.02 162.97 72.24 100.68
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I APPENDIX C.
ESTIMATION OF INTEGRAL SCALE FROM PEAK OF POWER SPECTRUM

1 One method of estimating the integral time scale of a signal is to relate it to the peak of the estimated
power spectrum. If one assumes that the correlation function is adequately described by an exponential

I R~F(t) = exp(-tt,)(01

I then the corresponding single-sided power spectrum is given by

ISx(n) 2 2R(t) e jict ldt = 2 'ItI (1 /, + j2nn) dt

I - 1 +. j27nT 1 + (2rnc)2  02

The frequency-weighted power spectrum nSx(n) is then

nS'n) 4'rn 4Tn 2(C3
1+j21cnT 1 + (2rnT)2  03

Differentiate this to find the maximum

1+ xi (n 4c -8n-t (2itnt) 2=0 (0.4)
Dn +(27cntc) ( 1 + (2rn?) 2)2

I Solving for the frequency nmax at which nSx(n) is a maximum gives

In max =(05)

5 The integral scale is thus given by

= 1 (0.6)
21c 2lmax
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I APPENDIX D
Summarlec of Test Day Data

The tables In this appendix summarize the data collected during the three successful dispersion
trials: TO0019, T0010 and T0011. Data characterizing the meteorology and source are listed first, followedj by concentration calibration data and finally the concentration data Itself.

The mean wind speed (mns), mean wind direction (degrees east of north), and standard deviations
of the wind direction and inclination (both in degrees) are listed for each location of the smoke generator.
The source parametersinclude the coordinate locations of the generator (refer to figures 2.2 and 2.3 for
grid description), the start and stop times, and the duration (in minutes) and rate (g/s) of the release.

The calibration information includes the average background level for a "blank" or unexposed
sample tube (in arbitrary units of the gas chromatograph, "GC counts") and the 1.0 microliter calibration
value (in GC counts). The background contamination is determined by dividing the background amount by
the calibration; it represents the equivalent amount of oil necessary to produce the observed background
level. The effective detection threshold is the average concentration of fog oil which would have been
required during the test to equal the background level. It is computed by dividing the backgound
contamination level by the product of the average aspiration rate and the test duration (i.e., the average
volume of air sampled). Average concentrations less than about half of this value for a given test should be
considered of dubious validity.

The concentration data include the location designation and grid coordinates, the raw output of the
gas chromatograph (in rbitrary units of the gas chromatograph), the amount of oil in the sample (gil), after
subtracting the background, the measured aspiration rate of that sample (liters per minute, Lpm) and the
computed average concentration (mgm 3 ). A listing of zero GC counts Indicates that the data from that
sample is missing. This almost always occurred through a failure of the software supplied by Perkin-Elmer
to control the gas chromatograph. Negative concentration values result from samples which are less that
the average background level. Such samples were considered not statistically valid and accordingly
excluded from the discussion of the data presented in section 2.

I
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Table D-1. Average Concentrations for T0009

Test: 0409851
Smoke: Fog Oil
WindSpeed Direction Sigma Theta Sigma Phi1

5.2 11.0 18.7 8.8
XsC YSc stat Stop Duration Rate (g/s)
-3.7 30.0 13:38 14:53 69 43.2

Average blank DPG tube (GC counts) 41,736,391
Average 1.0 ul calibration (GC counts) 113,459.616

Background contamination (ul) 0.37
[ Effective Detection Threshold (m/m3) 3.44 I

Location X m) Y(m) GC Counts Oi (uf) Flow (Lpm) Conc (mc/m3)
J-25-1 25 -25 103885933 0.55 1.18 6.12
J-25-2 25 -20 328013153 2.52 1.27 26.20
J-25-3 25 -15 400218997 3.16 1.23 33.88
J-25-4 25 -10 772654343 6.44 1.51 56.273 J-25-5 25 -5 1253401945 10.68 1.75 80.48
J-25-6 25 0 1175305883 9.99 1.42 92.79
J-25-7 25 5 1420150140 12.15 1.37 116.95
J-25-8 25 10 0 -0.37 1.46 -3.32
J-25-9 25 15 766059412 6.38 1.37 61.46
J-25-10 25 20 477035774 3.84 1.46 34.66
J-25-11 25 25 329376061 2.54 1.65 20.26
J-50-1 50 -50 108183539 0.59 1.18 6.55
J-50-2 so -40 21286547 -0.18 1.51 -1.57
J-50-3 50 -30 125948517 0.74 1.60 6.12iJ-50-4 50 -20 404984299 3.20 1.42 29.73
J-50-5 so -10 234424237 1.70 1.32 16.97
J-50-6 50 0 169012555 1.12 1.09 13.57

J-50-7 so 10 26953472 -013 1.32 -1.30
J-50-8 50 20 119821550 0.69 1.60 5.67
J-50-9 so 30 21066162 -0.18 1.42 -1.69
J-50-1 0 50 40 53769602 011 1.42 0.99
J-50-11 so so 19387999 -0.20 1.51 -1.72
J-100-1 100 -100 7363951 -0.30 1.46 -2.74
J-100-2 100 -75 122439328 0.71 1.42 6.61
J-100-3 100 -50 83540036 0.37 1.42 3.42
J-100-4 100 -25 71921423 0.27 1.42 2.47
J-100-5 100 0 83841768 0.37 1.42 3.45
J-100-6 100 25 10129747 -0.28 1.42 -2.59
J-100-7 100 50 50724496 0.08 1.32 0.79
J-100-8 100 75 37818539 -0.03 0.94 -0.48
J-100-9 100 100 7970892 -0.30 1.51 -2.60
J-200-1 200 -200 51352757 0.08 1.46 0.77
J-200-2 200 -150 57611244 0.14 1.23 1.50
J-200-3 200 -100 42327338 0.01 1.37 0.05
J-200-4 200 -50 47143498 0.05 1.37 0.46
J-200-5 200 0 58460953 0.15 1.42 1.37
J-200-6 200 50 5288399 -0.32 1.46 -2.90
J-200-7 200 100 32859197 -0.08 1.51 -0.68
J-200-8 200 150 25962479 -0.14 1.51 -1.21
J-200-9 200 200 35097692 -0.06 1.13 -0.68
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Table D-1. Average Concentrations for T0009

N-2 400 -200 0 -0.37 1.37 -3.54
N-2.5 400 -150 25731703 -0.14 1.46 -1.27
N-3 400 -100 31186857 -0.09 1.42 -0.86
N-3.5 400 -50 15070175 -0.24 1.42 -2.18
N-4 400 0 38299468 -0.03 1.46 -0.27
N-4.5 400 50 24801013 -0.15 1.42 -1.39
N-5 400 100 14866255 -0.24 1.60 -1.95
N-5.5 400 150 25931781 -0.14 1.46 -1.26
N-6 400 200 25099386 -0.15 1.60 -1.21
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Table D-2. Average Concentrations for T001 0

Test: 0410851
Smoke: Foo Oil
Wind Speed Direction Sigma Theta Sigma Phi

2.6 201.0 43.9 15.7
Xsc Ysrc Start Stop Duration Rate (g/s)

400.0 0.0 14:20 15:38 62 41.7
Average blank DPG tube (GC counts) 41,736,391
Average 1.0 ul calibration (GC counts) 113,459,616
Background contamination (ul) 0.37
Effective Detection Theshold (r,/m3) 3.69

Location X(m) ,(m) GC Counts Oil (u) Flow (Lm) Conc (mg/i3)
N-25-1 375 -25 92957132 0.45 1.51 4.39
N-25-2 375 -20 62310250 0.18 1.42 1.87
N-25-3 375 -15 20530984 -0.19 1.65 -1.66
N-25-4 375 -10 128513968 0.76 1.51 7.43
N-25-5 375 -5 212514764 1.51 1.65 13.39
N-25-6 375 0 178904109 1.21 1.42 12.50
N-25-7 375 5 483938712 3.90 1.75 32.69
N-25-8 375 10 284381435 2.14 1.65 19.02
N-25-9 375 15 61487904 0.17 1.56 1.64
N-25-10 375 20 225234840 1.62 1.37 17.33
N-25-11 375 25 163969238 1.08 1.18 13.40
N-50-1 350 -50 49188892 0.07 1.42 0.68
N-50-2 350 -40 52745234 0.10 1.70 0.84
N-50-3 350 -30 53249540 0.10 1.70 0.88
N-50-4 350 -20 67253271 0.22 1.60 2.06
N-50-5 350 -10 108623005 0.59 1.51 5.73
N-50-6 350 0 165877339 1.09 1.70 9.43
N-50-7 350 10 0 -0.37 0.99 -5.45
N-50-8 350 20 0 -0.37 1.51 -3.58
N-50-9 350 30 90806122 0.43 1.46 4.35
N-50-10 350 40 68217305 0.23 1.37 2.50
N-50-11 350 50 100324024 0.52 1.75 4.33
N-100-1 300 -100 39484719 -0.02 1.56 -0.19
N-100-2 300 -75 41718123 0.00 1.18 0.00
N-100-3 300 -50 16357551 -0.22 1.65 -1.99
N-100-4 300 -25 43525225 0.02 1.60 0.14
N-100-5 300 0 11760968 -0.26 1.46 -2.66
N-100-6 300 25 0 -0.37 1.70 -3.18
N-100-7 300 50 0 -0.37 1.46 -3.70
N-100-8 300 75 48097616 0.06 1.75 0.47
N-100-9 300 100 48814875 0.06 1.42 0.64

N-200-1 200 -200 0 -0.37 1.42 -3.80
N-200-2 200 -150 44835146 0.03 1.18 0.34
N-200-3 200 -100 0 -0.37 1.25 -4.32
N-200-4 200 -50 0 -0.37 1.37 -3.94
N-200-5 200 0 0 -0.37 1.04 -5.19
N-200-6 200 50 0 -0.37 1.42 -3.80
N-200-7 200 100 0 -0.37 1.27 -4.25
N-200-8 200 150 0 -0.37 1.51 -3.58
N-200-9 200 200 86125163 0.39 1.60 3.59
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STable D.2. Average Conoentrations for TOO 0

N-2 400 -200 0 -0.37 1.42 -3.80
N-2.5 400 -150 0 -0.37 1.42 -3.80
N-3 400 -100 41614862 0.00 1.04 -0.02I N-3.5 400 -50 36700575 -0.04 1.51 -0.43
N-4 400 0 46893735 0.05 1.46 0.46
N-4.5 400 s0 0 -0.37 1.32 -4.09
N-S 400 100 43873773 0.02 1.18 0.23
N-5.5 400 150 44663171 0.03 1.46 0.26
N-6 400 200 0 -0.37 1.70 -3.18
J-4 0 0 59253095 0.15 1.42 1.60
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Table D-3. Average Concentrations for T001 1

Teat: 0411851
Smoke: Fou Oil
Wind Speed Direction "Sigma Theta Sigma Phi

7.2 338.0 11.0 4.8

6.3 5.0 14.7 7.1
Xsrc Ysrc Start Stop Duration Rate (g/s)
-4.0 0.0 9:38 9:45 7 38.1
-4.0 24.0 10:30 11:55 85 37.6

Average blank DPG tube (GC counts) 41,736,391
I Average 1.0 ul calibration (GC counts) 113,459,616

Background contamination (ul) - 0.37 . . .
Effective Detection Threshold ( __m3) 2.63

Location X(m) Y(m) GC Counts Oil NO Flow (Lpm) Conc (mo/m3)
J-2S-1 25 -25 151038065 0.96 1.27 7.48
J-25-2 25 -20 205991136 1.45 1.42 10.11
J-25-3 25 -15 351741454 2.73 1.56 17.35
J-25-4 25 -10 583914898 4.78 1.60 29.45
J-25-5 25 -5 419257954 3.33 1.37 24.04
J-25-6 25 0 333756708 2.57 0.61 41.49
J-25-7 25 5 816618129 6.83 1.46 46.17
J-25-8 25 10 1896990764 16.35 1.46 110.54
J-25-9 25 15 712620120 5.91 1.18 49.57
J-25-10 25 20 566232212 4.62 1.42 32.29
J-25-11 25 25 160301242 1.04 1.42 7.30
J-50-1 50 -50 95103487 0.47 1.27 3.65
J-50-2 50 -40 178397764 1.20 1.42 8.41
J-50-3 50 -30 136301775 0.83 1.42 5.82
J-50-4 50 -20 300433753 2.28 1.42 15.93
J-50-5 50 -10 395751474 3.12 1.18 26.15
J-50-6 50 0 205540025 1.44 0.85 16.81
J-50-7 50 10 247391853 1.81 1.46 12.25
J-50-8 50 20 103482866 0.54 1.32 4.07
J-50-9 50 30 121564496 0.70 1.42 4.91
J-50-10 50 40 37191286 -0.04 1.42 -0.28
J-50-11 50 50 99916279 0.51 1.23 4.13
J-100-1 100 -100 52932426 0.10 1.60 0.61
J-100-2 100 -75 87199240 0.40 1.51 2.62
J-100-3 100 -50 106426864 0.57 1.42 3.98
J-100-4 100 -25 127508219 0.76 1.51 4.95
J-100-5 100 0 166595403 1.10 1.42 7.69
J-100-6 100 25 68095868 0.23 1.37 1.68

-J-100-7 100 so 0 -0.37 1,32 -2.75

J-100-8 100 75 50453595 0.08 0.99 0.77
J- 100-9 100 100 48496311 0.06 1.37 0.43
J-200-1 200 -200 80943779 0.35 1.42 2.41
J-200-2 200 -150 0 -0.37 1.27 -2.86
J-200-3 200 -100 96621133 0.48 1.42 3.38
J-200-4 200 -50 53771582 0.11 1.42 0.74
J-200-5 200 0 66104094 0.21 1.70 1.25
J-200-6 200 50 33729958 -0.07 1.18 -0.59
J-200-7 200 100 0 -0.37 1.42 -2.57
J-200-8 200 150 36924968 -0.04 1.70 -0.25
J-200-9 200 200 20134368 -0.19 1.60 -1.17
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Table D-3. Average Concentrations for T001 1

N-2 400 -200 62008018 0.18 1.56 1.13N-2.5 400 -150 50869294 0.08 1.65 1,48
41847336 0.00 1.23 0.01

N-3.5 400 -50 72663812 0.27 1.42 1.90N-4 400 0 35514361 -0.05 1.65 -0.33
N-4.5 400 50 54672546 0.11 1.37 0.82

:i N-5 400 100 50437632 0.08 1.09 0.70N-5.5 400 150 87541155 0.40 1.51 2.64N-6 400 200 46626717 0.04 1,42 0.30
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